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1.1 What is Thermochemistry? 
Chemistry is the study of matter. Physics is the study of natural processes and phenomena, 
typically the application of mathematical logic to such. Chemistry and physics are intrinsically 
linked just as matter and energy are. This dissertation research regards the energy released when a 
bond is formed or broken between two elements, i.e., thermochemistry. The more stable the 
molecular structure, the more energy is needed to break the molecular bonds between the atoms. 
Thermochemistry studies the thermodynamics of chemical reactions, viz the energy changes in the 
reaction.  
The inherent stability or instability of the chemical bonds between two atoms determines 
whether or not a bond is breakable and if so, how easily. Hypothetically, all bonds between atoms 
can be broken under the right conditions, but some of these conditions are so impractical as to be 
unlikely to ever occur.  
1.2 What is the Difference between Thermodynamics and Kinetics? 
Introductory level students are taught the fundamentals of how a bomb calorimeter can be 
used to measure the enthalpies of formation for simple molecules, typically uncomplicated 
hydrocarbons, as part of their lessons on thermodynamics. From these lessons, a framework is 
built up to understand how chemical reactions occur.  
Stability of a structure says nothing about how fast it may be built or wrecked. This is true 
for both molecules and houses to set up an analogy. Just as a well-built and maintained house will 
still be standing after many years, a highly stable molecule will persist until it encounters a big 
enough change in condition to alter it. For houses, a tornado could make it disappear instantly, 
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whereas an earthquake might destabilize it to the point where it collapses after a longer period of 
time. Both the tornado and earthquake induce major changes to the stability of the structure, yet 
the change in stability does not actually say much about the speed at which it falls down.  
In molecules, this is the difference between thermodynamic and kinetic stability. Kinetics 
is about how fast things occur, i.e., rates of change and often the causes. The tornado has a lot of 
energy and works as a fast-kinetic reaction that changes the thermodynamic stability of the house 
in one fell swoop. The earthquake can be a slower destabilization of the structure that changes the 
thermodynamic stability so that less energy is needed to push it over into a heap. The earthquake 
destabilized structure might still be up for some time before any major change is visible. Once it 
falls, it may fall very quickly but nothing in the stability of the damaged structure is directly 
informative about how quickly that will be. This is the difference in practical terms between 
stability and kinetics and why stability does not directly imply speed of reaction, kinetics. 
1.3 How to Use These Theoretical Models to Inform Catalytic Design 
A catalyst is a molecule that is used to speed up reactions by providing an alternate lower 
energy path for the reaction to take (Fig. 1.1). Catalysts are not consumed by the reactions they 
facilitate. In order for the catalyst to participate in the reaction without being consumed it needs to 
be regenerated.1 This indicates that there has to be a balance between the energy released when the 
catalyst engages with the reactants and when the catalyst is reformed (Fig. 1.2). This means that 
the catalyst should not require much energy to reach the transition state, to release the products, 
nor to return to the original state. Thus, a near flat free energy diagram with stationary points close 
to thermoneutrality as possible is desired. 
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Figure 1.1: A generic free energy diagram for a reaction with a catalyst in red and without in black. 
The red path is overall lower in energy, but may have more elementary steps. The red path with the 
catalyst uses much less energy and thus is typically quicker to form products.2 
 
 
Figure 1.2: Generic general diagram of a catalytic cycle.6 
 
Transition metal catalysts are particularly useful for making polymers, metal organic 
frameworks, and biologically active species for drug development, among other things. Early 
transition metal catalysts are frequently used to catalyze the formation of polymers like: 
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polyethylene, polypropylene, polystyrene, polyvinyl chloride, synthetic rubber, Bakelite 
(formaldehyde resin), neoprene, nylon, polyacrylonitrile, silicone, etcetera.3-5 Myriad uses for 
these polymer products, all with their own specifications, has resulted from and led to a great deal 
of industrial research and development. There are also enzymes that have early transition metals 
as coenzymes that perform such functions as nitrogen fixation, carbon dioxide fixation, and the 
reduction of purines.3-5 Early transition metals also happen to be more economically and 
ecologically “green” than many later transition metals due to their abundance in the Earth’s crust 
and general availability (Fig. 1.3). 
 
Figure 1.3: Potential scarcity of elements relative to worldwide demand.7  
 
Investigations into the thermochemistry of transition metal bonds allows for better 
informed catalyst design. The difficulty is that there are often experimental steps missing that 
would be required to actually experimentally quantify precisely what the bond enthalpies are. This 
is where theoretical chemistry can assist and provide a bridge until those gaps in the science can 
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be filled by future scientists. Using computational thermochemistry, it is possible to model a 
molecular system with the bonds of interest and compute what the bond dissociation energy is for 
a metal-element bond. Furthermore, this can be expanded, for example, to model what the 
component σ- and π-bond enthalpies are for a metal-element multiple bond. Knowledge of π-bond 
enthalpies is particularly useful as many catalysts use the higher bond order of multiple bonds to 
create a pathway for the substrate to react with the transition metal – ligand active site of a catalyst 
or catalytic intermediate. 
With computational modeling, it is possible to generalize the bond enthalpies of each 
metal-element bond to determine which bonds are most likely to be active and which will be 
spectators in a reaction. Some ligands are hemi-labile and can indirectly participate in the reaction 
by dissociating from the metal center, thus freeing a coordination site to facilitate binding of the 
substrate. Ancillary ligands can also be used to fine-tune reactivity at a metal center through 
electrostatic, covalent, dispersion, etc. interactions. Such interactions between the supporting 
ligands orbitals and the metal center of the catalyst can change the overall reactivity of the 
transition metal and are an exploitable, if often unquantified, facet of catalyst design. Indeed, such 
chemical interactions present both opportunities to design excellent catalysts and notable potential 
difficulties when the experimental design fails to account for it. It also can convolute the problem 
of what the bond enthalpy of a particular component is due to the tug of war for the valance 
electrons among the components of a catalysts, thereby strengthening or weakening the bond or 
bonds of interest.  
1.4 How Computer Modeling Helps 
Theory can provide a framework with which to design and understand why chemical 
reactions occur the way they do. The rise of extreme computing power through the use of 
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supercomputers and more powerful algorithms has allowed chemical theory to be developed into 
computer codes and software packages. At its core, all computer software code is a mathematical 
model based on a level of understanding of real physical phenomena. Theorists may fine tune and 
use these models to investigate the chemical world around them.8,9  
A sound model is fit to the data, not the other way around. Theoretical models for 
computational chemistry work are generally validated with empirical experimental data. These 
modeling algorithms are checked and rechecked to ensure that the quality of the data they produce 
is sufficient for the work being done. When the model is validated, predictions can then be made 
for experimentalists to test. This is effectively how considerable research is done for drug 
candidate screening among other things.  
Different levels of theory are best for different applications. Large scale simulations such 
as enzymes and proteins often benefit from broader assumptions. Small scale simulations, such as 
those on diatomic molecules are more likely to be modeled with extremely powerful ab initio 
methods that model every electron in the molecule as a many body problem. Note, many body 
problems are often beyond the current state of the art for true analytical mathematical solutions 
and thus numerical approximations are as close as is possible to get.10 
Heavy elements are often not as facile for ab initio methods versus approximate 
computational models. This body of work focuses on small molecule models with transition metals 
which incorporate heavy elements. Heavy elements have more protons and electrons to model. 
This translates into more calculations performed per atom in the molecule as there is more to 
model. Tungsten is a heavy 5d metal and the focus of this work. Small tungsten molecules can be 
significantly more computationally expensive to model than relatively simple, fewer than 100 
atoms, organic molecules. To manage the computational expense of these quantum calculations 
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approximate methods that do not model every one of the 74 electrons of the tungsten atom are 
often preferred.  
Each atomic orbital is represented as a wave function in a “basis set,” which is a 
representation of the quantum mechanical wavefunction that turns a set of partial differential 
equations into a set of algebraic equations that can be efficiently calculated by a computer. This is 
possible in part due to the mathematical concept of linearity, a function X→Y such that there is a 
commutative (addition) and distributive (multiplication) property. In ‘math’ this is:  ꓯ ƒ: ℝn →ℝn 
and a є ℝ, a(f +g)(x) = a(f(x) + g(x)) = af(x) + ag(x) = f(ax) + g(ax). The linearity of the atomic 
orbital wave functions allows them to be combined to form the linear combination of atomic 
orbital approach or LCAO for forming a set of basis functions to mathematically model 
molecular orbitals. The atomic orbital are one-electron wave functions for the atomic orbitals that 
form a finite set of basis functions represented as vectors with components that correspond to the 
coefficients in the linear expansion.  
Every analytic function can be used to define a matrix function that maps square matrices 
to square matrices of the same size. The partial differential equations that are then linearly 
combined through the LCAO approach can then be calculated by the supercomputer as matrices. 
For ground state, i.e. lowest energy state, optimizations the expansion coefficients of the molecular 
orbital are generally optimized by use of the variational principle to find the local minima. In 
essence, the supercomputer is performing matrix math on a scale that would be impractical to 
perform by hand. However, even the supercomputer often needs to be provided with means to 
decrease the scale of calculations in the instructions. There are a few ways to do these truncations 
that (hopefully!) do not introduce major errors into the final results. 
For most of the modeling on tungsten-element bonds, the first truncation is from the 
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assumption that the inner core electrons of the metal are unlikely to have significant impact on the 
bonding. This assumption is based on the observation that only the outermost or valence electrons 
in an atom generally participate in chemical bonding. The inner core electrons are thus not 
modeled, and can be replaced by pseudopotentials. 
Another highly popular simplification for modeling molecules with heavy metal atoms is 
to use density functional theory (DFT in the common jargon). Density in this case refers to the 
electron density of an atom or molecule, specifically functionals of the spatially dependent electron 
density. There are many different DFT functionals, but all of them work by reducing the problem 
to one where the electron density is the basic variable in three dimensional space that is subject to 
a an external potential. The external potential represents the Coulomb potential from the nuclei on 
the electrons as well as any other external electromagnetic field. The Hohemberg-Kohn theorems 
prove an injective correspondence between the subset of external potentials and a subset of viable 
densities, thus allowing the energy to be expressed as a function of density rather than external 
potential. This transformation is a Legendre transformation; thus, the problem of finding the 
ground state energy is greatly reduced from the number of electrons in the wave functions to a less 
complex function of the electron density. 
There are hundreds of different density functional theory approximations. Each one is 
optimized, often to serve a different chemical or physical purpose. These purposes include 
modeling the free energies of chemical reactions to better understand the mechanisms of reactions, 
estimating band gaps for semiconductors, studying the behavior of ferroelectrics, and predicting 
mechanical properties in solid state calculations. Which DFT functional and which valence basis 
set is likely to provide the best model is something that needs to be carefully and individually 
considered when designing a computational experimental set up. A large aspect of the present 
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studies on tungsten-element bonding is determining just what the optimal combinations of 
functional and pseudopotentials are for studying the thermochemistry. Thus, roughly half of the 
work in this dissertation is evaluating how best to computationally model the bond enthalpies, and 
what the expected accuracy and precision may be from introducing these approximations.  
The DFT functionals and valence basis sets used in the first two chapters were specifically 
chosen not because they are the ‘best’ available, but because they are popular in the literature. Note 
that popular is not the same thing as accurate, many older less accurate DFT functionals and 
valence basis sets are popular as long-established methods. The popularity of those functionals 
and pseudopotential/valence basis sets is such that the present research is hoped to be widely useful 
to those interested in using DFT to model heavy element thermochemistry. The bond enthalpies 
calculated are compared to much more expensive higher level theory ab initio calculations as well 
as real world physical experimental data to assess quality.  
Bond enthalpy calculations themselves are useful to aid in the understanding of why some 
complexes are more stable than others, as described earlier. With good quality theoretical work, in 
principle these bond enthalpy calculations can assist with the inductive and deductive reasoning 
used to fathom the nature of new chemical reactions, catalysts, and principles. 
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TUNGSTEN-LIGAND BOND STRENGTHS FOR 2P ELEMENTS INCLUDING σ- AND π-
BOND STRENGTH COMPONENTS, A DFT AND AB INITIO STUDY* 
2.1 Abstract 
Three WVI crystal structures with multifarious metal-ligand bond types are used to 
theoretically predict homolytic metal-element bond enthalpies with 11 popular DFT functionals, 
MP2 wavefunction methods, and 4 common valence basis set/pseudopotentials in order to evaluate 
the accuracy and precision of the resultant bond enthalpy data. To our knowledge, for the first 
time, estimates of component metal-ligand σ and π bond strengths are computed. The WE (E = C, 
N, O) bond enthalpies have the consistent trend: σ > 2nd π > 1st π. In contrast, the element-element 
BDE trend for the 2p homologs is: 2nd π > 1st π > σ for nitrogen and oxygen, and σ > 1st π > 2nd π 
for carbon. These differences may underpin the differences in stability trends and thus reactivity 
behavior for metal-element multiple bonds as compared to the element-element multiple bonds, 
and metal-element triple bonds versus their corresponding double bonded counterparts. For 
example, Odom et al. show that MeI nucleophilically attacks at the imide (M=N) rather than the 
nitride (M≡N) ligand; the relative π-bond strengths derived herein provide a thermodynamic 
rationalization for this site preference. In this study, it is deduced from the calculated 
thermodynamics that the W-oxo ligand is more congruous with a triple bond than a double bond, 
consistent with the bonding model set forth in the seminal 1961 Ballhausen-Gray paper. 
 
* This chapter is reproduced from Moulder, C. A.; Kafle, K.; Cundari, T. R., Tungsten-Ligand Bond Strengths for 
2p Elements Including σ- and π-Bond Strength Components, A Density Functional Theory and ab initio Study, J 




Thermodynamic stability or the lack thereof of a metal-ligand bond – or the σ and π 
components of a multiple-bond – is key to many practical applications in inorganic and 
organometallic chemistry, especially in the area of transition metal catalysis. To wit, Simões and 
Beauchamp, in their classic review, refer to metal-carbon and metal-hydrogen bond energies as 
“the keys to catalysis.”1 It is well-known that steric and electronic effects of supporting ligands 
can impact the stability and the reactivity of known organometallic catalysts and even to predict 
the hypothetical synthesis of new complexes.2,3 For example, in a previous study of methane 
activation by nine metal-imide (LnM=NR) complexes incorporating metals from Groups 8 - 10, it 
was deduced that the strength of a metal-imide π bond was a key property in determining the 
preferred activation mechanism.4 
Unfortunately, experimental thermodynamic data for metal-ligand bonds are often very 
sparse – and essentially non-existent for bond energy components like σ and π bond strengths – 
especially for large, catalytically relevant transition metal complexes.5 This gap in the literature 
exists because accurate experimental measurements are generally difficult to obtain for the 
thermochemistry of metal-containing complexes.1 Thus, the questions arise: How can theory help 
bridge this gap? How sensitive are the computed metal-element bond energies and bond energy 
components to the level of theory? This question is particularly salient given the widespread use 
of density functional theory (DFT) in modeling studies of transition metal catalysis. 
The present research seeks to begin to build a thermodynamic database of homolytic metal-
element bond energies, particularly their σ and π components. Such data are useful to guide 
research in inorganic/organometallic catalyst design.6 Using multiple levels of theory, DFT and 
wavefunction, benchmarks are evaluated for 3rd row transition metals that are also Earth-abundant 
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and hence of interest in the context of “green” catalysis. Much of the research effort in catalysis 
using Earth-abundant metals has focused on 3d metals; however, not all heavy transition metals 
are precious. Those of the early 4d and 5d series are “green” in both an economic and ecological 
sense (Fig. 2.1).7-17 Additionally, in the activation of light alkanes, the generally stronger metal–C 
and metal–H bond strengths for 4d and 5d metal complexes versus their 3d congeners can mitigate 
the thermodynamic – and hence kinetic – impediments to non-radical methane activation that often 
arise due to weak M3d–C/H bonds.18 
 
Figure 2.1: Atomic abundance from US Geological Survey Fact Sheet.17 Early 5d metals (green 
arrow) circled for emphasis. 
 
This research focuses on complexes of tungsten and an array of important prototypical 
ligand types involving the 2p elements. The present work focuses on the precision of computed 
metal-ligand bond strengths most relevant to catalysis: metal-carbon, metal-nitrogen, and metal-
oxygen bonds, and their σ- and π-bond strength components. This research seeks to inform 
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improved theoretical protocols for Earth-abundant 5d metal catalysts that possess higher accuracy 
and, perhaps more importantly given the paucity of experimental data, which are of known 
precision. Better understanding of the precision of common DFT levels of theory will facilitate the 
study of larger, more experimentally relevant organometallic catalysts. Finally, a large 
computational database is useful in conjunction with emerging machine learning techniques to 
identify metal-element motifs with desirable thermodynamics to more quickly identify improved 
catalysts than traditional complex-by-complex quantum mechanical analyses of individual 
compounds. 
The models studied in this research are derived from three interesting Group 6 complexes 
that display important metal-ligand bond types. The presence within a particular complex of 
various metal-element (ME, M = W, E = O, N, C) bond types – dative, single, double and triple – 
is expected to reduce computational errors arising from basis set limits, incomplete electron 
correlation treatment, etc. The crystallographic structures extracted from the papers of Churchill,19 
Beaumier,20 and Cotton21 and their coworkers are also used to calibrate calculated geometries 
(Figs. 2.2, 2.3, and 2.4, respectively). 
 
Figure 2.2: Churchill complex19 (left); computational model used in this work (center), and 
hydrocarbon analogs (right); color coded dashed lines denote the bond homolysis comparisons. 
 
To facilitate comparisons among models, W replaces Cr for the complex reported by 
Beaumier et al.20 The empirical atomic radii22 differ by 10 pm for Cr (145 pm) and W (135 pm). 
15 
Of course, replacement of the metal does increase the computed differences between theory and 
experiment with respect to the crystal structures used to quantify errors in computed geometries. 
This replacement should be sufficient for this study as the enormous database of results for 
transition metal complexes23-28 repeatedly demonstrates that with sufficiently flexible valence 
basis sets, DFT accurately reproduces/predicts experimental geometries. 
 
Figure 2.3: Beaumier complex;20 Cr in the experimental complex has been replaced with W to 
facilitate comparison with other complexes in this study (left); computational model used (center), 
and main group analogs. Color coded dashed lines depict the bond cleavage modeling comparisons. 
Note that the dative W←NH3 bond is not homolyzed, but cleaved so as to maintain the neutrality of 
the metal and main group fragments generated. 
 
The levels of theory employed herein are those typically employed in modeling studies for 
medium to large organometallic and inorganic complexes.29-31 The methods are also calibrated vis-
à-vis relevant bond enthalpy data for small molecule, main group analogs; the latter have either 
been experimentally determined32,33 or can be computed via the use of high-accuracy composite 
ab initio techniques. Note that many previous transition metal benchmarking studies have 
emphasized absolute thermodynamic values such as heats of formation, while the present work 
focuses on metal-ligand bond enthalpies and the σ- and π-bond enthalpy components thereof. 
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DeYonker et al. use the correlation consistent Composite Approach (ccCA) to compute 
thermochemical properties such as ΔHf with greater emphasis on 3d transition metal 
complexes.34,35 Other works including Harding et al., focus more on high accuracy 
thermochemical modeling using coupled cluster approaches, complex basis set extrapolations, etc. 
to develop HEAT354-(Q) methods that provide excellent predictive thermodynamic data, but with 
much greater cost than DFT methods.36 Similarly, Laury and Wilson performance test DFT 
methods for 4d transition metal thermochemistry and found DFT wanting in comparison to the 
accuracy and precision of their relativistic pseudopotential-based composite method (rp-ccCA).37 
The present work focuses more on the specifics of the σ- and π- component contributions to heavier 
transition metal-element BDEs, and the precision in predicted BDEs among the different levels of 
theory, an excellent primer on which may be found by Frenking and Fröhlich.29 
 
Figure 2.4: Cotton structure21 (upper left), the cis and trans computational models used (upper center 
and right, respectively), and main group analogs (bottom). Color-coded dashed lines denote the 
homolytic bond enthalpies that were computed. Note that the dative W←OH2 bond is not homolyzed 
but cleaved so as to maintain the neutrality of the metal and main group fragments thus generated.  
 
The complex of Cotton et al.21 (Fig. 2.4) is octahedral, which provides an opportunity to 
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assess the impact of the trans influence with respect to metal-ligand bond strengths. As such, while 
the experimental complex is trans, the cis isomer is also modeled herein.  
For ease of computation of the homolytic bond enthalpies, simplified chemical models are 
used in which bulky organic substituents are replaced by hydrogen or methyl moieties. Dative 
W←E bonds are not homolyzed, but calculated by removal of the neutral, Lewis base ligand 
(water, ammonia, etc. depending on the target complex). The bond enthalpy of each unique W–E, 
W=E, W≡E and W←E bond is modeled by rupture of the bond of interest into two fragments (one 
main group, one organometallic) broken along the color-coded dashed lines in Figures 2.2, 2.3, 
and 2.4. The difference in the computed enthalpies between the whole model complexes and the 
sum of the two fragments yields the homolytic bond dissociation enthalpies (BDEs). Note that the 
starting complex and any derived fragments used for BDE calculations are fully geometry 
optimized as neutral species in their appropriate ground spin states.  
The same procedure is used to then compare organometallic BDEs with congeneric bond 
types in small main group molecules for which experimental or high-level ab initio thermodynamic 
data is available. Comparisons are then made based on the calculated bond enthalpies across the 
computational methods, selected basis sets, pseudopotentials, and bond types. To quote Frenking 
and Fröhlich, “A model is an abstract of the reality; it cannot be right or wrong; it can only be more 
or less useful.” To this end, the computational design used herein is intended to give a broad 
overview of the BDEs found in specific WE models. It is expected that error is reduced by using 
different metal-ligand bond types for related, idealized (but still chemically relevant) models, 
within a single complex. 
2.3 Computational Methods 
All calculations, except four MP2 calculations, were run with the Gaussian 09 software 
18 
package in the gas phase at standard temperature (298.15 K) and pressure (1 atm).38 Four MP2 
optimizations of the Churchill organometallic fragment generated by cleavage of the W–C single 
bond (Fig. 2.2) were run with Gaussian 1639 using the new Opt=RecalcFC=20 option to achieve 
convergence of these difficult geometry optimizations. A combination of widely used functionals 
and valence basis sets are used, the latter augmented with d-polarization functions for the 
associated main group elements. A list of functionals and basis sets employed in this work can be 
found in Figure 2.5.40-47  
 
Figure 2.5: The DFT functionals (blue), valence basis sets (brown) explored, and post-Hartree-Fock 
wavefunction methods (green) examined for this research.40-47 
 
Furthermore, the thermodynamic data obtained for the small main group homologs are calibrated 
with respect to the G4 and W1U levels of theory.48-51 All complexes and fragments thereof are 
modeled as neutrals with all appropriate spin multiplicities (low, intermediate and high spin) 
investigated to determine the lowest energy structure. Enthalpies are reported in kcal/mol. All 
calculations yield minima upon geometry optimization, defined as having 0 imaginary vibration 
frequencies via calculation of the energy Hessian. As used herein, accuracy is the extent each BDE 
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approaches the ‘true’ value, the evaluation of which is obviously complicated by the paucity of 
experiments. The reported standard deviations provide a measure of how precise a particular 
valence basis set and/or functional are. 
2.4 Results and Discussion 
There are two primary foci in this work: WE (E = C, N, O) prediction of metal-ligand bond 
dissociation enthalpies, including σ- and π -bond energy components, and assessing the uncertainty 
of these predictions for commonly used levels of theory in the literature. The first part of the 
Results and Discussion section presents the results for the BDE models broken out by 2p element 
(E) for both the ME bonds and EE main group homologs. The second half discusses the 
computational models, providing insight into their geometric and thermodynamic accuracy and 
precision as well as any observed eccentricities in the individual methods. 
2.4.1 Homolytic Bond Dissociation Enthalpies (BDEs) 
This section is divided into three parts to present each of the 2p elements (E = C, N, O) 
separately. The trends in homolytic bond enthalpies of the entire dataset are discussed in Summary 
and Conclusions. In this section the data show that for tungsten and 2p nonmetal ligands the σ-
bond is always stronger than the π-bond, as expected. Interestingly, it is seen that if a metal-element 
triple bond is present, the second ME π-bond is stronger than the first π-bond. Interestingly, this 
trend does not hold for triply-bonded main group homologs.  
2.4.1.1 Carbon 
The computations for tungsten-carbon bond dissociation enthalpies (BDEs) are derived 
from the model W(dmpe)(–CH2Me)(=CHMe)(≡CMe) in Figure 2.6 (center), dmpe = 1,2-
(dimethylphosphino)ethane. The W≡C, W=C, W-C bonds have calculated BDEs of 136.5 ± 10.1, 
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94.0 ± 9.7, and 61.4 ± 11.8 kcal/mol, respectively, for the levels of theory tested (Fig. 2.6). These 
BDEs are less than the analogous triple, double and single CC bonds in hydrocarbons: but-2-yne, 
trans-but-2-ene, and butane = 197.8 ± 16.6, 167.2 ± 11.5, and 87.2 ± 15.6 kcal/mol, respectively, 
for the same suite of methods.  
 
Figure 2.6: Average tungsten-carbon (columns) and carbon-carbon (lines) bond enthalpies by bond 
type and basis set. Average tungsten-carbon values (left-most solid column) are inset above the 
columns; the textured columns the average values for each valence basis set. 
 
From these data, BDEs of the WC bond components are 42.6 ± 10.9, 32.5 ± 7.1, and 61.4 
± 11.8 kcal/mol for the 2nd π bond, 1st π bond, and σ bond, respectively (Fig. 2.6). The 1st π bond 
enthalpy is defined by subtracting the BDE of the WC single bond from the corresponding double 
bond BDE. The 2nd π bond is defined by subtracting the BDE of the WC double bond from the 
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corresponding triple bond BDE. Interestingly, the 1st π bond is weaker than the 2nd WC π bond, by 
~10.0 kcal/mol; presumably, a shorter bond length (W≡C vs. W=C) and thus better orbital overlap, 
significantly enhances π-bond strength. 
2.4.1.2 Nitrogen 
The model utilized for this research is inspired by the fascinating complex of Beaumier et 
al.20 (Fig. 2.3), W(←NH3)(–NH2)(=NH)(≡N) and possesses four different tungsten-nitrogen bond 
types. The nitrido, imido, amido and ammino tungsten-nitrogen bonds have calculated BDEs of 
156.1 ± 12.7, 122.0 ± 14.4, 104.4 ± 10.9 and 47.4 ± 4.0 kcal/mol, respectively, across all 48 levels 
of theory tested (Fig. 2.7). As a comparison, for the small molecule homologs the computed BDEs 
of N2, HN=NH, H2N–NH2 are: 217.7 ± 9.8, 120.2 ± 7.3, 64.0 ± 4.9 kcal/mol, respectively, for the 
same suite of functionals and basis sets. Interestingly, the standard deviations for the main group 
and organometallic BDEs loosely mirror each other for single, double and triple bond types. 
A bit of poetic license was taken with the original experimental structure20 to convert the 
anionic complex to a neutral species (to maintain similarity with the other models) – while 
preserving a coordination number of four – with a dative bond to ammonia replacing one of the 
amido ligands to yield a WVI model complex. This decision was made to permit additional analysis 
of WN bond components: 34.1 ± 8.6, 17.6 ± 17.3, 104.4 ± 10.9, and 47.4 ± 4.0 kcal/mol for the 
2nd π bond, 1st π bond, σ bond and dative bond, respectively, in the model (Fig. 2.7). As with the 
WC complex, the 1st π bond is significantly (~16.5 kcal/mol) weaker than the 2nd π bond. This is 
an intriguing result in that the bonds between transition metals and nitrogen-based ligands such as 
imides and nitrides may have ambiguous bond orders due to the availability of lone pairs on 
nitrogen that may or may not participate in bonding with the metal depending on the latter’s d-
count and ligand field splitting. 
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Figure 2.7: Average tungsten-nitrogen (columns) and nitrogen-nitrogen (lines) bond enthalpies by 
bond type and basis set. Average tungsten-nitrogen (left-most solid column) are inset above the 
columns; the textured columns are the average values for each valence basis set. 
 
2.4.1.3 Oxygen 
The Cotton complex21 (Fig. 2.4) with its octahedral geometry provides an opportunity to 
quantify the thermodynamic impact of the trans effect/influence, one of the most important 
reactivity and structural effects in coordination chemistry.52-54 Tungsten has a formal d0 
configuration in the model complex, implying that the WO bond is more W≡O in character than 
W=O.55 
For the trans-W(O)(OH)4(OH2) model, the oxo, hydroxyl, and datively bound water have 
calculated BDEs to tungsten of 161.0 ± 6.0, 93.1 ± 6.1, and 13.6 ± 3.2 kcal/mol, respectively (Fig. 
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2.8). Thus, for the π and σ bonds in the complex, the computed BDEs are 67.8 ± 6.0 and 93.1 ± 
6.1 kcal/mol assuming the W-oxo bond is formally a double bond. The calculated OO bond 
enthalpies for the main group analogs are 122.3 ± 7.5 kcal/mol for O2 and 49.9 ± 6.9 kcal/mol for 
hydrogen peroxide.  
 
Figure 2.8: Average WO (columns) and OO (lines) bond enthalpies by bond type and basis set for the 
H2O trans model complex. Average tungsten-oxygen (left-most solid column) are inset above the 
columns; the textured columns are the average values for each valence basis set. 
 
For the cis tungstenyl model (Figs. 2.4 and 2.9), each W–OH bond homolysis is categorized 
in reference to the ligand to which it is trans. The dative bond for the water complex weakens from 
13.6 ± 3.2 in trans-W(O)(OH)4(OH2) to 6.3 ± 3.2 kcal/mol in cis-W(O)(OH)4(OH2). The single 
bond strengths of the hydroxyls change from 93.1 ± 6.1 kcal/mol for the trans model, where all 
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hydroxyls are chemically equivalent, to 86.2 ± 6.3 kcal/mol for the OH trans to OH, to 85.9 ± 6.0 
kcal/mol for the OH trans to water, and 78.5 ± 6.4 kcal/mol for the OH trans to the oxo ligand. 
Interestingly, these are all less than the W–OH bond strength of the trans isomer. Although the 
higher BDE for the hydroxyl trans to oxo seems counterintuitive, the computations indicate that 
the impact of trans influence on the W–OH bond strength is ~7 kcal/mol for the W(=O)(OH)4(OH2) 
model.  
 
Figure 2.9: Oxygen bond enthalpies for Cotton model21 complexes with cis and trans structures inset 
and chemically different hydroxyl ligands chromatically labeled along with the corresponding BDE 
data: hydroxyl ligand trans to hydroxyl labeled 1 in brown, hydroxyl ligand trans to oxo ligand 
labeled 3 in blue, and hydroxyl ligand trans to dative bond labeled 2 in red. 
 
The aqua complex models show that the oxo ligand has the greatest labilizing effect on the 
hydroxyl trans to it, by 14.6 kcal/mol. All of the tungsten-ligand bonds other than the W-oxo bond 
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in the models are weakened by 7.4 kcal/mol for the dative bond, 6.9 kcal/mol for the OH trans to 
another OH, 14.6 kcal/mol in the OH trans to the oxo ligand, and 7.2 kcal/mol in the OH trans to 
the dative bond. As such, the present study helps quantify the thermodynamic extent to which trans 
influence can alter metal-ligand bond strengths, which can be exploited in catalyst design. 
2.4.2 Comparison among Computational Methods 
When analyzing bond enthalpy data, it is reasonable to question the accuracy and precision 
of the methods used.56,57 Typically, this is difficult to do for d-block organometallic and inorganic 
complexes given the extreme paucity of experimental data with which to calibrate against. 
Therefore, to gauge the computed uncertainty in W-element BDEs, in this research forty-eight 
different combinations of DFT functionals and valence basis sets were applied to the computed 
BDEs and then compared. This section is divided into three parts, two “global” performance 
discussions and a section on notable “local” idiosyncrasies in the calculations. The two means of 
performance testing are geometric analysis referencing the crystal structure data and 
thermodynamic comparisons against the generally accepted bond enthalpy data. The oddities are 
included as cautionary notes as to the selection of uncalibrated levels of theory in future modeling 
studies of organometallics. 
2.4.2.1 Accuracy vs. Crystal Structure Data 
This study tests twelve functionals with four basis sets and compares the fully optimized 
structure with experimental values. For each tungsten-ligand bond length the percent error was 
consistently within 5% across the entire dataset; interestingly, predictions are more sensitive to the 
functional than the basis sets. Note that the structural data for the nitride model exaggerates the 
determined errors as the model has W replacing Cr, hence the comparison to the Cambridge 
Database58 averages to assess computed WN bond lengths.  
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For the tungsten-2p element bonds, across the set of four bond types – single, double, triple, 
dative – for the three ligand types (O, C, N), the mean error for the bond lengths is 3.6% with a 
standard deviation of 2.5%.  
In contrast, bond angles are slightly more sensitive to the wavefunction than the 
Hamiltonian, as expected given that angular deformation generally takes less energy than bond 
stretching. Overall, across the set of four ligand types and three 2p elements, the mean error for 
ligand-metal-ligand bond angles is 6.0% with a standard deviation of 2.7%. For a full heat map of 
the percent errors found organized by functional and basis set for each 2p element and as 
aggregates, see Appendix A. 
2.4.2.2 Accuracy vs. Higher-level Theory and Experiment for BDEs of Main Group Homologs 
Small molecule thermodynamic data for 2p element compounds have generally been 
experimentally well-established,31,32,33 which makes these useful reference points in relation to the 
organometallic complexes studied here. Experimental bond enthalpies for the CC multiple bonds 
of E-but-2-ene or but-2-yne were not found. Hence, the data available for ethene and acetylene 
were used as an initial gauge of uncertainties in BDEs one might expect from composite ab initio 
techniques such as G4 and W1U. Calibration against ethene and acetylene suggested that G4 and 
W1U methods predict C=C and C≡C bond enthalpies to within ± 1 – 2 kcal/mol of experiment 
(Table 2.1). 
The calculated BDEs for the main group homologs reveal variation in the error depending 
upon which DFT functional and basis sets are used. Overall, the average DFT-predicted values for 
the homolytic BDEs are quite good when compared to either the G4 or UW1 values (Fig. 2.10). 
The absolute percent errors in BDEs vary significantly as seen in Figure 2.11. On average, the 
methods tested are reasonable when compared to experiment or high-level composite ab initio 
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techniques (Table 2.2) but the errors become more pronounced with an increase in EE bond order. 
The exact values calculated for each E–E, E=E, and E≡E bond organized by functional and basis 
set are collected in Appendix A. The box-and-whisker plots depict the typical degree of variation 
among the functionals with respect to the bond type (Fig. 2.11; additional plots are contained in 
Appendix A). 
Table 2.1: Average bond dissociation enthalpies in kcal/mol calculated with standard deviations as 
compared to the three reference points used for comparision.32,33 
Small Molecule 
DFT BDE 
AVG ± Exp G4 W1U 
Carbon 
triplea H3CC≡CCH3 193.1 8.6 229.5a 203.6 204.6 
doublea H3CHC=CHCH3 167.3 9.4 172.2a 171.3 171.8 
Single H3CH2C-CH2CH3 82.9 5.2 86.8 87.1 88.2 
Nitrogen 
Triple N≡N 219.0 6.5 225.9 226.3 225.4 
Double HN=NH 120.8 2.5 129.1 122.2 123.6 
Single H2N-NH2 63.8 2.1 67.4 64.9 66 
Oxygen 
Double O=O 120.3 8.2 119.1 118.6 118.9 
Single HO-OH 49.3 6.9 51.0 49.0 50.1 
a The experimental (exp) values for the CC multiple bonds of E-but-2-ene or but-2-yne could not be found, so values 
for ethylene and acetylene are provided for comparison.32 Calibration of G4 and W1U against known bond 
enthalpies and acetylene suggest that the BDEs given in the table should be accurate to within ± 1 – 2 kcal/mol. 
 
2.4.2.3 Oddities in the Computational Data 
In the calculations for the Churchill complex, the rupture of the W=C bond necessitated 
the calculation of both singlet and triplet methyl carbene as their enthalpies are sufficiently close. 
It has been experimentally shown that the triplet is the lower energy state,59-62 which is why all of 
the present calculations of bond strength use the computed enthalpy of the triplet methyl carbene. 
However, not all of the functionals used found the triplet spin state to be lower than the 
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corresponding singlet. Certain functionals, specifically M11L and MN12L, show the methyl 
carbene fragment as favoring a singlet rather than a triplet state. Specifically, M11L favors the 
singlet by ~5.1 ± 2.3 kcal/mol and MN12L favors the singlet by ~7.7 ± 3.9 kcal/mol for the 
different pseudo-potentials/basis sets examined herein. 
 
Figure 2.10: Plot of best reference BDEs – average values for G4 and W1U – to overall average DFT-
computed BDE data for small main group homonuclear species (HnEEHn, n = 0, 1, 2 or 3; E = C, N 
or O). 
 
Despite the overall consistency found for DFT versus the “best” (average of G4 and W1 
values) estimates of main group-main group bond enthalpies, it is interesting that the 
organometallic bond enthalpies have a narrower standard deviation versus the small molecule 
congeners for the different levels of theory studied. For example, there is significant variation in 
the DFT-calculated values for the second π-bond of 2-butyne (std. dev. = ±11.5 kcal/mol) and in 
the N2 data for the second π-bond (std. dev. ±6.4 kcal/mol). 
It is also worth noting that there is very little consistency in the thermodynamic calibration 
datasets (Table 2.2). Certain functionals would give large errors for three of the four basis sets, but 
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relatively small ones for the fourth (e.g., B3LYP, M11L, MN12L). In other cases, a basis set and 
functional would give low errors for some BDEs and high errors for others. Using the W1U level 
of theory for comparison, this can be seen in N12/LANL2DZ(d) which has C≡C and O=O in the 
top ten best performers and both C=C and N=N amongst the poorest. Similarly, M11L/CEP-
121G(d) is among the top 10 for C=C and C≡C, and yet among the poorest performers for N≡N 
and O-O. The best example of this phenomenon is SOGGA11/LANL2DZ(d) with three in each: 
C–C, C=C, and N=N are among the best, while N-N, O–O and O=O among the lowest performing 
(Table 2.2). Given the paucity of experimental data available for organometallics, caution is thus 
needed in ascribing undue significance to results from a specific level of theory without calibration 
across a series of functionals and basis sets. The present study suggests that evaluation of a range 
of different functional types must be evaluated for determination of critical bond strengths in 
transition metal catalysis applications. 
Table 2.2: Best- and poorest-performing DFT levels of theory relative to best reference BDE data 
(experiment32,33 or high-level ab initio theory) in the absence of experiment) for small main group 
homonuclear species (HnEEHn, n = 0, 1, 2 or 3; E = C, N or O). Note that all basis sets include a d 
polarization function on E. 
Experimental Data G4 W1 
Best Performing 
2.8% BD97D/SDDALL 1.7% PBEPBE/SDDALL 2.1% PBEPBE/SDDALL 
3.3% PBEPBE/SDDALL 2.3% B97D/SDDALL 2.2% B97D/SDDALL 
3.0% MP2/LANL2DZ 2.9% M11L/LANL2DZ 3.1% MP2/CEP-121G 
Poorest Performing 
13.2% B3LYP/CEP-121G 11.2% M11L/SDDALL 11.9% B3LYP/CEP-121G 
13.7% M11L/SDDALL 7.3% BLYP/SDDALL 14.3% BLYP/SDDALL 




Figure 2.11: Box and whisker plot showing percent absolute error as a function of bond type for the 
small molecule with respect to the G4 calculation data (similar plots for experiment and W1U 
calculations are given in Appendix A). The arithmetic mean is indicated with an X, the median 
depicted with a horizontal line, and the outliers are left as dots. An extreme outlier is not included in 
this box and whisker plot, the BLYP/SDDAll(d) predicted carbon-carbon triple bond enthalpy has 
an error versus experiment of 57.9%.  
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Figure 2.12: Summary of average computed bond enthalpies (kcal/mol) by element and bond type 
when coordinated to tungsten with bars as WE and lines for EE color coded by element for 
comparison. 
32 
2.5 Summary and Conclusions 
In summary, vast portions of predictive chemistry are derived from knowledge, or 
assumptions, of the (in)stability of various molecular bonds and bond components. Reaction 
mechanisms are frequently rationalized through an understanding of which bonds are likely to be 
thermodynamically weaker – and hence more kinetically reactive – based on the chemical 
characteristics of a particular reagent. For metal complexes and organometallic reactions this 
knowledge is important in catalysis, but is often unavailable from experiment or of unknown 
accuracy and precision from calculations, particularly for the near ubiquitous DFT methods. This 
study of tungsten and a selection of σ- and π-bonding 2p ligand types provides valuable insight 
into the challenges of bond enthalpy prediction using common DFT/basis set protocols in the 
literature. While the thermochemistry of compounds of lighter main group compounds have been 
well studied, it has proven much more difficult to experimentally quantify the strengths of σ and 
π bonds for transition metals.29 
The Churchill, Beaumier, Cotton et al. crystal structures form the foundation of the 
computational models used in this research (Figs. 2.2, 2.3, & 2.4).19-21 The size and scope of these 
models is restricted to small complexes computed in the gas phase, which thus constitutes a 
limitation of the models employed herein... Geometric data are accurately predicted as has come 
to be expected of density functional theory methods in conjunction with sufficiently flexible basis 
sets. The metal-ligand bond lengths on average have 2.9 ± 2.1% absolute error across the entire 
suite of 48 levels of theory tested in this work. Furthermore, ligand-metal-ligand bond angles have 
an average of 5.9 ± 2.7 % absolute error, and so percent errors are roughly double those in relation 
to predicted bond lengths. Additional details are available in Appendix A for the different 
computational models evaluated.  
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The BDEs of small molecule homologs (HnEEHn, n = 0, 1, 2 or 3; E = C, N or O) are 
benchmarked against three different metrics (Table 2.1). First, they are compared against 
experimental values, where available. The median percent absolute error is 8.0 ± 6.3% with respect 
to the experimental data. Second, the overall average percent errors are 7.3 ± 6.2% with respect to 
the high-accuracy G4 composite ab initio BDE values. Third, DFT-predicted BDEs differ by 7.2 
± 6.4% with respect to the W1U-calculated BDEs. The overall median percent absolute error rates 
do rise modestly from carbon to nitrogen to oxygen regardless of which pseudopotential/valence 
basis set data are used for comparison. However, the correspondence of the “best” reference BDE 
data vis-à-vis the average DFT-computed BDEs (Fig. 2.10) has an R2 value of 0.9974, a slope near 
unity, and an intercept of roughly 2 kcal/mol, thus indicating excellent overall reliability for the 
DFT techniques.  
The DFT-computed enthalpy data show that for tungsten bonded to 2p element ligands, as 
expected, the σ-bond is always stronger than the π-bond. Interestingly, if a triple bond is present 
the second π-bond is stronger than the first π-bond (Fig. 2.12). This trend does not hold true for 
the 2p homologs, which follow the trend of 2nd π > 1st π > σ for nitrogen- and oxygen, and σ > 1st 
π > 2nd π for carbon.  
Table 2.3: Average computed homolytic WE (E = C, N, O) bond dissociation enthalpies in kcal/mol. 
Bond Single Double Triple 
WC 61.4 94.0 136.5 
WN 104.4 122.0 156.1 
WO 93.1  161.0 
 
From carbon to nitrogen to oxygen the homolytic bond enthalpy increases with bond order 
(Table 2.3). The tungsten-nitride BDE (156 kcal/mol) is roughly 20 kcal/mol stronger than a 
tungsten-alkylidyne (136½ kcal/mol). On the other hand, the tungsten-oxo ligand BDE (161 
kcal/mol) is 39 kcal/mol stronger than the tungsten-imido BDE (122 kcal/mol), which in turn is 
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28 kcal/mol than the tungsten-alkylidene BDE (94.0 kcal/mol). As these are d0 complexes, the 
obvious conclusion from the computed thermodynamics is that the W-oxo bond is more akin to a 
triple bond as discussed by Gray in his seminal paper on metal-oxo bonding.63 The tungsten-oxo 
bond is far stronger than any other bond studied in this research, and clearly stands out as a triple 
bond via the current thermodynamic analyses. 
 
Figure 2.13: Electron density plot of the full model tungsten complex highlighting the electron density 
on the nitride and imide moieties (PBEPBE/SDDALL, IsoValue = 0.144). 
 
The aforementioned difference in WN 1st and 2nd π-bond strengths may underpin the 
differences in reactivity for metal-element multiple bonds as compared to the element-element 
multiple bonds, and the typical stability of metal-element triple bonds versus double bond 
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congeners. For instance, imide (NR2-) ligands are generally highly π-basic, donating electron 
density to a metal with low d-electron counts. A formally tri-anionic nitride ligand is expected to 
be even more π-basic than di-anionic imide. This makes the lack of reactivity of terminal nitrides 
of early to middle series metals in relation to imides somewhat surprising, for example as is the 
case in Beaumier et al.’s complex20 and its reactivity with MeI. Kinetic arguments are often made 
to explain such discrepancies; however, the electron density plots for the tungsten model complex 
do not fully support such arguments. When the electron density of [W(N)(=NPh)(NiPr2)2]- is 
visualized (Fig. 2.13), it becomes apparent that the charge density is in the W≡N internuclear 
region and in the N lone pair (largely 2s in character). This is consistent with the often-muted 
reactivity of nitride ligands when coordinated to low d-count transition metal ions. Rather, the 
BDE data for the model W-complex, W(NH3)(NH2)(=NH)(≡N), elucidate a possible 
thermodynamic explanation for why the preferred site for nucleophilic attack by MeI is the imide 
ligand. For MeI to react with a W=NR moiety, the first π-bond must break, whereas reaction with 
the M≡N moiety, entails breaking the second π-bond. The latter is significantly stronger (34.1 ± 
8.6 kcal/mol) than the former (17.6 ± 17.3 kcal/mol). This thermodynamic penalty is likely 
reflected in a kinetic penalty for MeI addition. Hence, the computed BDE data provide insight into 
why the M=NR moiety is nucleophilically attacked while the M≡N is not.  
Research that preceded this study indicated that the M=N π-bond strength in imido model 
complexes4 was a key descriptor for determining which methane CH activation mechanism is 
favored. Stronger metal-nitrogen π-bonds directed activation to either the metal (oxidative 
addition) or ligand (H-atom abstraction) as opposed to 1,2-addition across the metal-imido bond. 
Hence there is great potential in M=N and M≡N bonds for alkane and aryl CH bond activation in 
catalysis through understanding the thermodynamic response of metal-nitrogen π-bonds to metal, 
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supporting ligand and substituent (on both the actor and supporting ligands) modification. By the 
same chain of reasoning, tungsten-alkylidene bonds with π-bond strengths of ~33 kcal/mol as 
compared to tungsten-imido bonds at ~17 kcal/mol may be expected to be less reactive, but also 
be accessible for catalysis as this is roughly half the π-bond strength of a C=C bond. On the other 
hand, the sheer thermodynamic strength of the tungsten-oxo bond (161.0 kcal/mol) makes it very 
stable. The 67.8 kcal/mol average calculated BDEπ value for the WO tungsten-oxo bond is more 
than double the WC tungsten-alkylidene value (32.5 kcal/mol) and roughly triple that computed 
for the WN tungsten-imide (17.6 kcal/mol).  
The tungsten-oxo ligand in Cotton et al.’s octahedral complex21 is trans to the dative ligand 
and has a strong trans influence. Modeling the complex in a cis configuration allowed the trans 
influence of the oxo ligand to be quantified. A comparison between the trans and cis models 
demonstrates that the influence of the oxo moiety is observed in the BDE of every bond in the 
complex. The cis complex has all bonds, except the W-oxo bond, weakened by between 7 and 21 
kcal/mol, which suggests a very significant thermodynamic impact, commensurate with some of 
the π-bond strengths just discussed. 
Future work extending this study includes research on W-3p nonmetal ligand bond types. 
Efforts may be further expanded to include the rest of the p-block in their most common bond 
formations as well as a far broader set of metals, as well as to assessing how the supporting and 
actor ligand environment can impact W-element bonds and their σ- and π-bond enthalpy 
components, in particular those cases in which other π-bonding ligands are coordinated to the same 
metal, thus competing for M dπ – E pπ bonding. 
2.6 Supporting Information 
A detailed accounting of the computed homolytic bond enthalpy and geometric data found 
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with respect to each functional/valence basis set are available in the supporting information for all 
models. This material can be found at http://pubs.acs.org and in Appendix A. 
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THERMOCHEMISTRY OF TUNGSTEN – 3P ELEMENTS FOR DFT, CAVEAT LECTOR!* 
3.1 Abstract 
There are two primary foci in this research on WE (E = Si, P, and S) bonds: prediction of 
their bond dissociation enthalpies, including σ- and π-bond energy components, and assessing the 
uncertainty of these BDE predictions for levels of theory commonly used in the literature. Internal 
standards for computational accuracy include metal-element bond lengths (mean absolute error = 
1.8 ± 1.2%), main group homolog BDEs vs. higher levels of ab initio theory (W1U and G4 BDEs, 
R2 = 0.98), and DLPNO-CCSD(T)/def2-QZVPP calculations for metal-ligand BDEs (R2 = 0.88). 
The W=Si 1st π-bond is underreported for DFT/MP2 methods vs. DLPNO-CCSD(T), while the 
latter shows negligible strength for the W≡Si 2nd π-bond, consistent with the literature. This 
research highlights clear issues with the underlying assumptions required for the use of 
perturbation theory methods for the fragments derived from W–P homolysis. The difficulties 
associated with modeling the metal thermochemistry with DFT (and MP2) levels of theory are 
manifest in the broad standard deviations observed. However, average BDEs found using 48 
popular DFT and MP2 levels of theory are reliable, 10.8 ± 6.8% mean absolute error (with W–P 
removed) compared vs. DLPNO-CCSD(T); with the caveat that individual basis 
set/pseudopotential/valence basis set combination can vary wildly. Analysis of the absolute error 
percentages with respect to level of theory indicate little benefit to going higher on Jacob’s Ladder, 
as simpler methods have lower error versus high-level ab initio techniques such as G4 and 
DLPNO-CCSD(T).  
 
* This chapter is reproduced from Moulder, C. A.; Kafle, K.; Zhou, C. X.; Cundari, T. R., Thermochemistry of 
Tungsten-3p Elements for Density Functional Theory, Caveat Lector! J Phys Chem A 2021, 125 (2), 681-690. 
DOI: 10.1021/acs.jpca.0c05351, with permission from the American Chemical Society. 
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3.2 Introduction 
The thermodynamics of bond formation and cleavage is a key governing principle of 
chemical reactions. In transition metal catalysis, bond stability is critically important, particularly 
the σ and π-bond components of a metal-ligand multiple bond. The criticality of metal-carbon and 
metal-hydrogen bond energies is reflected in their reference as “the keys to catalysis” by Simões 
and Beauchamp in a classic review on transition metal thermochemistry.1 Stability, and thereby 
reactivity, can thus be altered through covalent, electrostatic, steric, etc. effects imparted by the 
supporting ligands upon the metal and substituents on the actor ligand for organometallic catalysts 
in predictable, albeit typically not quantifiable, ways.2,3 For example, Moulder and Cundari 
observed in a methane C–H activation study by imide complexes (LnM=NR, M = Group 8 - 10 
metals) that the strength of the metal-imide π-bond – and how this thermodynamic quantity was 
modulated as a function of metal identity – was a critical factor in determining the preferred 
activation mechanism: [2+2] vs. oxidative addition vs. hydrogen atom abstraction.4  
The early 4d and 5d transition metals are “green” in both the economic and ecological 
senses (Fig. 2.1) and are widely used in industrial catalysis.5 Many olefin metathesis catalysts have 
heavy, early transition metal centers like molybdenum and tungsten, Schrock’s catalysts being a 
notable example.6-9 Some 4d/5d metal catalysts like Grubbs catalysts and myriad iridium and 
rhodium catalysts may be considered green given the recyclability of the metal.10 Ziegler-Natta 
metallocenes classically feature Group 4 metals and are currently widely used for polyolefin 
production.11-14  
Despite its critical importance, experimental data for metal-ligand bond thermochemistry, 
especially for s and p components, is virtually non-existent. It is currently impossible to 
experimentally dissect the enthalpic contributions of the individual bond components for a general 
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series of metal-element bond types.1,15 Theoretical methods can help bridge this gap and provide 
a means to access homolytic metal-ligand bond enthalpies and assess σ and 𝜋𝜋 components.16 Such 
bond enthalpies would be useful in guiding inorganic/organometallic catalytic design.17,18 This 
work presents a somewhat naïve approach in that it focuses on a set of popular DFT functionals, 
as well as second order Møller–Plesset perturbation theory, to model the homolytic cleavage of 
tungsten – 3p element bonds, although the 11 functional subset chosen (Fig. 2.5) is anticipated be 
representative of the greater superset of available functionals.19 Through the use of multiple levels 
of theory, both density functional theory (DFT) and wavefunction methods, benchmarks for Earth-
abundant 5d transition metals are generated to address the question of the precision of such 
predictions. In the absence of experiment, as is often the case in transition metal thermochemistry 
for larger, more realistic complexes, the accuracy of DFT is evaluated relative to couple cluster 
calculations, specifically the DLPNO-CCSD(T) variant of Neese and coworkers, at DFT-
optimized geometries.20,21 
The present research extends a previous study by Moulder et al. for tungsten with the 2p 
main group elements (E = C, N, O).22 Both works use the same suite of methodologies to permit a 
solid basis of comparison between W-2p and W-3p databases. By using the same DFT 
methodologies, the sensitivity of the metal-energy bond enthalpies and their components can be 
more readily assessed across a set of catalytically relevant bonding motifs for many of the most 
popular functionals and effective core potentials/valence basis sets. While there are high accuracy 
methods like HEAT and the correlation consistent Composite Approach (ccCA)23-26 this work uses 
these DFT functionals and valence basis sets specifically because they are commonplace in 
transition metal catalyst modeling.27 Moreover, apart from the ccCA family of ab initio composite 
methods, composite techniques are not applicable to d-block chemistry; the ccCA composite 
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method of Wilson and coworkers is very expensive for larger organometallics, and is to our 
knowledge, not yet available for 5d elements. The precision of the computed metal-ligand bond 
strengths, including their σ and 𝜋𝜋 components, is thus sought herein to further assess the reliability 
of DFT studies for transition metal catalysis.28,29 
The coordination chemistry of 3p main group elements (WE = Si, P, and S) is highly 
relevant in inorganic and organometallic chemistry and so are studied here to see how they 
compare and contrast with the reported thermochemistry of the 2p congeners.2,22,30,31 To this end, 
the present research takes advantage of the isoelectronic nature of silicon, phosphorus, and sulfur 
to carbon, nitrogen, and oxygen, respectively, to construct models with similar coordination 
environments.  
For a W-silicon model complex, the Churchill alkyl-alkylidene-alkylidene32 has been 
updated to replace ligating C–H functionalities with Si–Me moieties (Fig. 3.1). Capping silicon 
with methyl groups was found necessary in preliminary studies as Si–H derivatives lead to a-
agostic MSiH bonding in the optimized stationary points,33,34 which was deemed to introduce too 
much additional ambiguity vis-à-vis the designation of metal-silicon p-bond orders. 
 
Figure 3.1: Conversion of Churchill’s W-carbon computational model19,29 to a W-silicon variant; 
color coded dashed lines denote the studied bond homolyses. 
 
While carbon and silicon are isoelectronic, it is of course naïve to believe that their 
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reactivity and thermochemistry will be similar.35 Silylene catalysts have long been sought to 
attempt potential innovations that would take advantage of the similarities and differences between 
silicon and carbon chemistry.36 For example, Waterman et al. discuss the behavior of silylene 
ligands acting as a Lewis acid to an electron-rich metal center and being stabilized by effects such 
as p-backbonding.37 The thermochemistry of silylene complexes is thus expected to be quite 
distinct from that of carbene congeners and the model in Figure 3.1 is designed to elucidate and 
quantify some of the underlying thermochemistry involved. 
Transformation of a tungsten-nitrogen complex (Fig. 3.2) derived from the crystal structure 
of Beaumier et. al.38 to a tungsten-phosphorus model is interesting. Nitrogen- and phosphorus-
based ligands are both well studied, but typically have divergent electronic properties in that 
nitrogen-based ligands are often hard s-donors whereas phosphorus-based congeners, notably 
phosphines, are soft s-donors and p-acceptors. The ambiguity of lone pairs on ligating pnictogen 
atoms – in particular the extent to which they may be donated to vacant metal-based orbitals of 
appropriate symmetry in complexes such as imides and phosphinidenes (LnM=PR) – also appears 
to play a key role in the thermochemistry of such moieties.30,39-42 
 
Figure 3.2: Conversion of a reported W-nitrogen computational model19,35 to a W-phosphorus 
computational model; color coded dashed lines denote the studied bond homolyses. 
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For the tungsten-sulfur model employed herein (Fig. 3.3), the tungsten-oxo complex from 
the Cotton lab43 is utilized to not only compare sulfur with the lighter chalcogen, but to provide 
insight into the trans-influence of the sulfido moiety on the d0 complex.44-46 
 
Figure 3.3: Conversion of a reported W-oxygen complex19,41 to its W-sulfur congener; color coded 
dashed lines denote the bond homolysis comparisons. 
 
 
Figure 3.4: Main group homologs for each computational model with color coded dashed lines denote 
the bond homolysis comparisons. 
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Small main group homologs in Figure 3.4 are also calibrated with the G4 and, where 
feasible, W1U levels of theory.47-50 When the small main group homologs were found insufficient, 
an additional set of reference data is generated using ORCA51,52 and DLPNO-CCSD(T)/def2-
QZVPP20,21 single point calculations (at SOGGA11/CEP-31G(d) optimized minima) to provide a 
high accuracy reference for both the main group homologs and for the organometallic complexes. 
The various plots and graphics in the present study are color-coded to facilitate 
organization and comparison of the datasets. The standard CPK colors for silicon, phosphorus, and 
sulfur are nude, orange, and yellow, respectively. For the 2p elements, a black, blue, and red color 
scheme is used for carbon, nitrogen, and oxygen, respectively. Similarly, the homolytic cleavage 
of the metal-ligand bonds are denoted by dashed lines in red for single bonds, blue for double, and 
green for triple bonds as well as violet for the dissociation of the dative bond; the latter is, of 
course, cleaved heterolytically, generating a neutral Lewis base.  
3.3 Computational Methods 
All calculations save the DLPNO-CCSD(T)53 simulations have been run with the Gaussian 
09 software package in the gas phase at standard temperature (298.15 K) and pressure (1 atm).54 
A selection of widely used functionals and pseudopotentials and valence basis sets, the latter 
augmented with d-polarization functions for the associated main group elements, form the main 
body of the computations analyzed. All metal complexes and fragments thereof are modeled as 
neutrals with all appropriate spin multiplicities (low, intermediate and high spin) investigated to 
determine the lowest energy structure. Figure 2.5 provides a graphical list of the functionals and 
basis sets used.55-61 An additional set of internal standards are generated using ORCA and DLPNO-
CCSD(T)/def2-QZVPP single point calculations (at SOGGA11/CEP-31G(d) optimized 
minima).20,21,51-53 
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All enthalpies are derived from clearly defined minima with no imaginary vibrational 
frequency from the energy Hessian, and are reported in kcal/mol. The 2nd π-bond enthalpy for a 
metal-element is defined by subtracting the calculated BDE of the W=E double bond from the 
corresponding triple bond BDE. The 1st π-bond BDE is defined by the difference between the 
double bond and the single bond enthalpies. Note that these definitions assume that, for example, 
the W–E σ-bond is the same strength in the W–E, W=E and W≡E bonds, which can lead to 
difficulties as discussed later. The standard deviations reported herein quantify how precise each 
valence basis set and/or functional are for the models used. The accuracy of each BDE as it 
approaches the “true” value is convoluted by the dearth of experimental data and is therefore 
reported in this paper with respect to higher-level ab initio calculations. 
3.4 Results and Discussion 
There are two primary foci in this research: (a) for WE (E = Si, P, and S) bonds, prediction 
of their bond dissociation enthalpies, including σ- and π-bond energy components, and (b) 
assessing the uncertainty of these BDE predictions for commonly used levels of theory. The first 
part of the Results and Discussion section presents the results for the calculated BDEs organized 
by 3p element (E) for both the ME organometallics as well as EE main group homologs. The 
second half of this section discusses the computational models, providing insight into their 
geometric and thermodynamic accuracy and precision as well as any observed eccentricities in the 
individual methods. All pertinent data has been provided in the Supporting Information B.3. There 
is little valence basis sets dependence for WE BDEs. The DFT/MP2 functional choice provides 
the greatest variance in the values calculated for BDEs (vide infra) as seen in the box-and-whisker 
plots in Appendix B. The accuracy of each individual bond enthalpy with respect to the DLPNO-
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CCSD(T)/def2-QZVPP//SOGGA11/CEP-31G(d) level of theory as shown in Table 3.5 is also 
provided in Appendix B. 
3.4.1 Homolytic Bond Dissociation Enthalpies (BDEs) 
The trends in homolytic bond enthalpies for the overall set of 3p elements are discussed in 
Summary and Conclusions and compared with previous findings22 for the 2p elements. In this 
section the data show that for tungsten and 3p nonmetal ligands the σ-bond is always stronger than 
the π-bond, as expected. Interestingly, it is seen that for a metal-element triple bond, the second 
WE π-bond is stronger than the first π-bond, akin to the trend computed for W-2p elements.22 The 
MP2 results are not included in the averages for the BDE values reported herein, which focus on 
DFT results, and are instead discussed at length in Appendix B. The Møller–Plesset perturbation 
theory models had large errors that necessitated their exclusion from the data analysis. 
Furthermore, the analyses of the small molecule reference homologs are in Appendix B, as well.  
3.4.1.1 Silicon 
The tungsten-silicon model (Fig. 3.1) for bond dissociation enthalpies (BDEs) is derived 
from W(dmpe)(–CH2tBu)(=CHtBu)(≡CtBu), dmpe = 1,2-(dimethylphosphino)ethane.32 For silicon 
ligating atoms all 𝛼𝛼-H have been replaced with methyl groups to eliminate agostic W(SiH) 
interactions.33,34 The model is W(dmpe)(–SiMe3)(=SiMe2)(≡ SiMe), dmpe = 1,2-(dimethyl-
phosphino)ethane. 
The W≡ Si, W=Si, W–Si bonds have calculated BDEs of 95.1 ± 8.0, 70.7 ± 8.8, and 65.0 
± 12.1 kcal/mol, respectively, for the 48 levels of theory tested (Fig. 3.5). The calculated tungsten-
silicon BDEs have a different pattern from the silicon-silicon triple, double and single SiSi bonds 
in the main group congeners: MeSi≡ SiMe, Me2Si=SiMe2, and Me3Si–SiMe3: 69.3 ± 15.4, 53.3 ± 
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15.3, and 58.2 ± 14.5 kcal/mol, respectively, for the same suite of methods. 
 
Figure 3.5: Average DFT-/MP2-calculated bond dissociation enthalpies (kcal/mol) for homolytic 
cleavage of tungsten-silicon bonds organized by basis set with average BDE inset above columns. WSi 
model is inset. 
 
The 2nd π bond for a metal-element is defined by subtracting the calculated BDE of the 
W=Si double bond from the corresponding triple bond BDE. The 1st π-bond BDE is defined by 
the difference between the double bond and the single bond enthalpies. Note that these definitions 
assume that, for example, the W–Si s-bond is the same strength in W–Si, W=Si and W≡Si bonds, 
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which can lead to difficulties as discussed below. The WSi bond component BDEs thus defined 
are 24.4 ± 6.1, 5.7 ± 3.3, and 65.0 ± 12.1 kcal/mol, respectively, for the 2nd π bond, 1st π bond, and 
σ-bonds. There is a great discrepancy between σ and π bond strengths, supporting literature 
discussions of the bonding in heavier main group elements in terms of distinguishing the structure 
and reactivity of light- vs. heavy-main group multiple bonding.15,34 
Interestingly, the 1st π-bond is considerably weaker than the 2nd WSi π bond, by ~19 
kcal/mol; presumably, a shorter bond length (W≡Si vs. W=Si) and thus better orbital overlap, 
significantly enhances π-bond strength. A similar enhancement of the 2nd π-bond strength of ME 
vis-à-vis the 1st π-bond of M=E was observed for the 2p main group elements.22  
3.4.1.2 Phosphorous 
The tungsten-phosphorus model (Fig. 3.3) is a modification of a previously modeled 
tungsten-nitrogen complex that is liberally inspired by Beaumier et al.’s38 chromium complex. 
This model has four different tungsten-phosphorus ligand types: phosphido (≡P), 
hydrophosphinidene (=PH), dihydrophosphide (–PH2), and phosphine (←PH3). The BDEs 
calculated for W(≡P)(=PH)(–PH2)(←PH3) are 116.8 ± 6.3, 90.1 ± 7.1, 97.9 ± 8.0 kcal/mol in 
decreasing bond order with the dative bond last. It is immediately notable that the tungsten-
phosphorus bonds are quite strong regardless of bond type. Also, there is the surprising conclusion 
that the double and triple bonds between phosphorus and tungsten are actually weaker than their 
singly bonded counterpart (Fig. 3.6)!  
For the tungsten-phosphorus model, the 2nd π, 1st π, and σ-bond component enthalpies 
computed are 26.7 ± 4.4, -7.8 ± 6.3, and 97.9 ± 8.0 kcal/mol respectively (Fig. 3.6). As with WSi 
bond enthalpies there is a considerable dichotomy in the strength of the s and p bonds, which hints 
at the paucity of examples of transition metal complexes with M=P and M≡P functionalities. There 
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is clearly an issue in terms of the negative 1st WP π-bond enthalpy that will be discussed more 
fully later. This oddity is, however, a first hint that DFT methods may break down for modeling 
bond enthalpies between 5d metals and 3p elements. Also, it is likely that the underlying 
assumption of equal WP s bond strengths is leading to the “negative” p-bond enthalpy, as are the 
assumptions of metal-element bond order based on stoichiometry, which worked so well for the 
2p elements but may be more suspect for 3p elements. 
 
Figure 3.6: Average DFT-/MP2-calculated bond dissociation enthalpies (kcal/mol) for homolytic 
cleavage of tungsten-phosphorus bonds organized by basis set with average BDE inset above 
columns. WP model is inset. 
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3.4.1.3 Sulfur 
The tungsten-sulfur model (Fig. 3.3) is a modification of a tungsten-oxygen complex 
derived from a crystal structure published by Cotton et al.43 This WS model has three different 
tungsten-sulfur ligand types: sulfide (which can be formulated as either ≡S or =S), thiolate (–SH), 
and thiol (←SH2). The BDEs calculated for W(≡S)(–SH)4(←SH2) are 91.6 ± 0.8, 48.3 ± 1.1, 2.9 
± 0.3 kcal/mol, by decreasing bond order with the dative bond last (Fig 3.7). The bond component 
enthalpies are 43.4 ± 0.1, 48.3 ± 1.1, and 2.9 ± 0.3, respectively for the π-, σ- and dative bonds in 
the tungsten complex. As with the prior WO model,22 the W-sulfido BDE is more consistent with 
a triple bond formulation than the double bond illustrated in Figure 3.7, as might be expected given 
the molecular symmetry and d0 nature of the central WVI. 
 
Figure 3.7: Average DFT-/MP2-calculated bond dissociation enthalpies (kcal/mol) for homolytic 
cleavage of tungsten-sulfur bonds organized by basis set with average BDE inset above columns. WS 
model is inset. 
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3.4.2 Comparison among Computational Methods 
3.4.2.1 Calculated Bond Lengths vs. Crystal Structure Data 
The structural models used in this study are computational homologs to those in a previous 
study.19 As such, there are no direct crystal structure comparisons to be made, thus an indirect 
comparison is made using the mean values for various bond lengths for the assigned bond types 
found within the Cambridge Crystallographic Database.62 Several of these bonds – particularly 
those with formal metal-3p element multiple bonds – are highly reactive; thus, there are generally 
few examples found of those bond types. The insufficiency is also why no analysis for the 
reliability of the bond angles could be made; however, it is assumed that the predicted bond angles 
are not inordinately unreasonable. 
The calculated bond lengths of each of the three models are compared to the mean values 
for the corresponding bonds from the Cambridge Database and reported as a percent error. The 
fully optimized structural models are found to have a mean absolute error of 1.8 ± 1.2% across a 
set of four bond types – single, double, triple, and dative – for three ligand types (Si, P, S). A 
complete breakdown by functional, ECP/valence basis set, 3p element, and bond type may be 
found in Appendix B.  
The WSi model complex has mean bond lengths of 2.57 ± 0.05 Å for the tungsten-silyl 
bond, 2.39 ± 0.01 Å for the tungsten-silylene bond, and 2.23 ± 0.02 Å for the tungsten-silyne bond. 
The average from the Cambridge database for these bond types are 2.55 ± 0.08 Å, 2.50 ± 0.09 Å, 
and 2.37 Å for the tungsten-silyl, -silylene, and -silyne bonds, respectively.62,63 The overall mean 
absolute error for tungsten-silicon bonds is 1.7 ± 1.1%. The paucity of structures with these bond 
types is such that there are only sixty-eight tungsten-silyl structures, eleven tungsten-silylene 
structures, and only a single unambiguous tungsten-silyne bond published by Fukuda et al.63 The 
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discrepancy between the model and the crystal structure averages may be a small sample set effect 
due to the scarcity of crystal structures with unambiguous W=Si double bonding, or differences 
arising from the formal oxidation state of the metal.  
The mean DFT calculated bond lengths are 2.14 ± 0.02 Å, 2.27 ± 0.01 Å, 2.38 ± 0.02 Å, 
2.48 ± 0.03 Å for the tungsten-phosphido (≡P), -hydrophosphinidene (=PH), dihydrophosphide (–
PH2), and -phosphine (←PH3) respectively. There are four explicitly defined W≡P bonds64-67 with 
an average length of 2.15 ± 0.02 Å and four W=P bonds with 2.34 ± 0.13 Å in the CCDC.64,68 For 
the W–P and the W←P bond motifs, there is a problem of definitions. There are 188 W–P single 
bonds where the phosphorus is clearly three-coordinate, but there are an additional 229 complexes 
where tungsten is ligated to a 3-coordinate phosphorus; there is no functional difference in the 
average bond length of these subsets: 2.49 ± 0.08 Å and 2.48 ± 0.09 Å, respectively. Tungsten-
phosphine moieties are quite plentiful with 3335 entries that average 2.50 ± 0.06 Å. The mean 
absolute error of 2.3 ± 1.6% in the calculated bond lengths from these structural data is respectable, 
but may be artificially inflated due to the small experimental sample sizes for multiply bonded 
moieties. However, there is reasonable agreement between theory and experiment for the 
measurements that do exist.  
The WS model complex has a mean absolute difference for the metal-sulfur bond lengths 
of 1.5 ± 0.8% relative to experimental structural data, excluding the dative moiety (5.1 ± 9.5% 
with). In the CCDB, terminal W=S bonds average 2.16 ± 0.03 Å for 351 entries whereas tungsten-
sulfur single bonds average 2.38 ± 0.11 Å for 1500 entries. The bond lengths for tungsten-thiol 
(W←SR2) moieties average 2.42 ± 0.11 Å across 1012 entries. The sheer number of entries with 
W=S/W≡S motifs speaks to their inherent stability vis-à-vis the WP and WSi congeners, and is 
reflected by the computed p-bond strength in Figure 3.7. The computed DFT average bond lengths 
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found are 2.15 ± 0.02 Å, 2.42 ± 0.02 Å, and 3.48 ± 1.06 Å for W=S/W≡S, W–S, and W←S 
respectively.  
3.4.3 Oddities in the Computational Data 
In the WSi model calculations, the degree of variability is a concern. Certain basis set and 
functional combinations yield numbers that are well out of line with the rest of the data. These are 
often extreme outliers. For the tungsten-silylene π-bond BDE, the LANL2DZ basis set does not 
yield numbers in line with the other three basis sets in nine out of the twelve functional 
combinations, the exceptions being SOGGALL, B2PLYP, and MP2. For example, the 
N12/LANL2DZ(d), tungsten-silylene π-bond BDE is 0.9 kcal/mol whereas the 
PBEPBE/LANL2DZ(d) tungsten-silylene π-bond BDE is 11.6 kcal/mol both beyond the standard 
deviation of 3.3 kcal/mol for the mean value of 5.7 kcal/mol. Furthermore, for the organometallic 
fragments less the single bond, viz W(=SiMe2)(≡SiMe)(dmpe), the MN12L functional optimized 
to a lower minima for the quartet rather than the doublet spin state for each ECP modeled, with 
the exception of SDDALL; this was also the case with the N12/LANL2DZ(d) combination. The 
B2PLYP /SDDALL(d), M11L/CEP-121G(d), and M11L/CEP-31G(d) levels of theory found the 
triplet spin state to be the more stable minima for Si2Me2. 
In the WP model, as noted above, the MP2 wavefunction – with any of the valence basis 
set/pseudopotential combinations – yields predicted BDEs so far out of line with the DFT data that 
it was removed from the averages as an outlier. To wit, the sigma bond enthalpies found with the 
MP2 method are 203.3 ± 5.9 kcal/mol for the different valence basis set/pseudopotential 
combinations. This value is more than 100 kcal/mol higher than those predicted via the DFT 
functionals, and 96 kcal/mol adrift of the DLPNO-CCSD(T)/def2-QZVPP value. The underlying 
assumptions required for the perturbation theory to be effective are obviously invalid for the 
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fragments derived from W–P homolysis, possibly due to weaker metal-3p ligand bonding and the 
potential for low energy states in these fragments. It is worth noting that analysis of the DLPNO-
CCSD(T) amplitudes did not indicate any higher than 0.08. 
In the WS model complexes, the homolytic cleavage of the W–S single bond from the 
tungsten frequently resulted in the H2S ligand dissociating from the organometallic fragment as 
well. For such simulations, the bond between the tungsten and the dihydrogensulfide was manually 
enforced through the ModRedundant command in Gaussian. In view of the small calculated 
W←SH2 BDE of 2.7 ± 3.0 kcal/mol (DLPNO-CCSD(T)/def2-QZVPP, 3.1 kcal/mol), this is not 
expected to have a major impact on the other tungsten-sulfur BDEs. 
3.5 Summary and Conclusions 
3.5.1 Accuracy vs. Higher-level Theory and Experiment for BDEs of Main Group Homologs 
 
Figure 3.8: Plot of G4 (red) and W1 (blue) calculated BDEs compared to the mean values found using 
DFT for the main group homologs (RnEERn, n = 0, 1, 2, 3; E = Si, P, S; R = Me for Si, H for P and S). 
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The calculated BDEs for the 3p main group homologs can shed light upon the error 
variation from each DFT functional and basis set as there is either experimental data or BDEs 
obtained from high-accuracy G4 and W1U composite ab initio techniques (Fig. 3.8).47-50,62-63 Thus, 
for each 3p element, main group thermodynamic data may serve as internal standards for the 
organometallic complexes studied herein. 
 
Figure 3.9: Box and whisker plot showing percent absolute error (y-axis) in DFT-predicted BDEs as 
a function of bond type for main group molecules with respect to G4 calculated BDEs (similar plots 
for experiment and W1U calculations are given in Appendix B). The arithmetic mean is indicated 
with an X, the median depicted with a horizontal line, and the outliers are left as dots. More plots 
may be found in Appendix B. 
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While the overall average DFT values are well correlated with W1U and G4 BDEs, R2 = 
0.98 for both (Fig. 3.8), the individual BDE absolute errors vary widely (Fig. 3.9). The box-and-
whisker plots give a synopsis of the typical degree of variation among the functionals with respect 
to bond type (Fig. 3.9). Greater care is needed for the basis set/functional selection with 3p 
elements than with 2p elements as demonstrated by the larger boxes and greater median distance 
from zero error in Figure 3.9. 
3.5.2 Accuracy vs. Higher-level Theory and Experiment for BDEs of Organometallic Models 
Ultimately, the distinctly high degree of variation observed for DFT- and MP2-based 
predictions is worrisome. There are clearly apocryphal predictions for some of the organometallic 
W-3p bonds, particularly the tungsten-phosphorous complex, which the main group homologs do 
not adequately illuminate. In the absence of reliable experimental thermodynamic data, theoretical 
measures are valuable to bridge the gap. However, particularly for ligand sets where lone pairs 
exist on the 3p element, such complexes can be ambiguous vis-à-vis metal-element bond order. 
DLPNO-CCSD(T)/def2-QZVPP simulations were thus done as single point calculations for both 
main group and organometallic models at representative DFT (SOGGA11/CEP-31G(d)) 
geometries. Enthalpic corrections needed to obtain BDEs are also derived from DFT simulations. 
The DLPNO-CCSD(T)/def2-QZVPP//SOGGA11/CEP-31G(d) results for small molecule 
homolog BDEs can be found in Appendix B. As expected, they parallel the G4 and W1u data 
shown above (Fig. 3.8). 
For the organometallic models studied herein, the DFT-/MP2-predicted average BDEs are 
generally in impressive agreement with the CCSD(T) BDEs (Table 3.1 and Fig. 3.10), akin to what 
was computed for the main group congeners. The mean absolute error for the average DFT/MP2 
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BDEs compared to the CCSD(T) BDEs differ by 10.8 ± 6.8% with the W–P single bond removed 
(14.0 ± 12.8% with this bond included; Fig. 3.10).  
Table 3.1: Comparison of DLPNO-CCSD(T)/def2-QZVPP//SOGGA11/CEP-31G(d) predicted BDEs 
versus mean DFT-/MP2-predicted values for metal-element bond dissociation enthalpies in kcal/mol 
for organometallic models. Values in parentheses (avg) are the standard deviations for the DFT/MP2 
averages’ “diff” is the difference = CCSD(T) – DFT average. 
Bonds CCSD(T) DFT avg diff 
triple W≡SiMe 83.2 92.5 (±13.8) -9.3 
double W=SiMe2 84.3 69.6 (±13.5) 14.7 
single W–SiMe3 52.0 64.1 (±13.2) -12.1 
triple W≡P 113.0 119.2 (±9.8) 6.2 
double W=PH 91.3 91.9 (±7.7) 0.6 
single W–PH2 73.1 106.7 (±30.4) 33.6 
dative W←PH3 41.3 37.1 (±4.4) -4.2 
double W=S 85.8 90.2 (±16.7) -4.4 
single W–SH 43.0 47.7 (±10.7) -4.8 
dative W←SH2 3.1 2.7 (±3.0) 0.5 
 
 
Figure 3.10: Scatter plot of the mean DFT values in comparison to the computed CCSD(T) for the 
same model, note the W–P single bond bond is an outlier (without the WP single bond the R2 = 94.9%) 
and the W=Si double bond is the next largest difference. Original data are given in Table 3.1. 
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The agreement is less exemplary for the tungsten-silicon model than the WP and WS models, 
indicating the W=Si 1st π-bond is underreported by the more approximate methods and the W≡Si 
2nd π-bond strength is essentially zero, which is consistent with the extremely limited number of 
structurally characterized silyne complexes.62,-68 Interestingly, the tungsten-phosphorus model has 
good agreement among the different theories except for the W–P single bond, which has a massive 
33 kcal/mol difference and a very large standard deviation for the DFT averages versus the 
DLPNO-CCSD(T)/def2-QZVPP//SOGGA11/CEP-31G(d) predicted bond enthalpy! This is 
obviously indicative of a systematic problem in the calculations for the WP model (Table 3.1). 
3.5.3 Jacob’s Ladder 
For the small main group homologs with respect to the G4 level of theory, there is 
surprisingly little benefit to moving up Jacob’s Ladder (Table 3.2).69 The best performers were all 
generalized gradient approach (GGA) functionals with PBEPBE/SDDALL(d) performing the best 
across the models (4.1 ± 5.0% absolute error). When the double and triple bonds between silicon 
atoms are removed from the test set the performance of PBEPBE/SDDALL(d) vs. G4 predicted 
BDEs improves to 2.4 ± 1.7%. The two functionals that include exact exchange (B3LYP and 
B97D) do perform better than the meta-GGA functionals tested, but not better than the GGA 
functionals. Correcting for dispersion does seem to improve the hybrid-GGA B97D over B3LYP. 
Finally, the double hybrid-GGA B2PLYP’s performance is disappointing. The MP2 post-HF level 
of theory has relatively high error rates (17.3 ± 9.7%). 
CCSD(T) calculations provide the accuracy standard to discern the performance of 
DFT/MP2 methods given the experimentally unavailable W-element bond enthalpies. The suite of 
DFT functionals have a broad range of accuracy that does not correlate strongly to the rungs on 
Jacob’s Ladder. This is largely from the disagreements over the WE dative bonds While the overall 
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average of DFT/MP2 and pseudopotential combinations correlates quite well to the CCSD(T) 
values for the BDEs, R2 = 87.6% (Fig. 3.10), the spread of the percent absolute error is nearly 
30%. However, if the dative bonds are removed from the set, the percent absolute error with respect 
to CCSD(T) BDEs calculations drops to 17.7 ± 16.2%. The MP2 level of theory is again a poor fit 
for thermochemistry with errors coming in at 41.7 ± 23.1%. 
Table 3.2: The precent absolute errors found as each of the DFT functionals in the bright colors is 
compared to the BDEs calculated G4 for the 3p small molecule homologs, then the 2p and 3p small 
molecule homologs, then a comparison of the small molecule homolog BDEs to the CCSD(T) BDEs 
under the SM column, and finally the organometallic complex BDEs compared to the CCSD(T) BDEs 
presented as a Jacob's Ladder. 
Jacob's Ladder Basis 
G4 CCSD(T) 
3p 2-3p SM OM-3p 
Double hybrid - GGA B2PLYP 12.1 10.3 20.0 16.1 
w/dispersion B97D 12.1 10.3 16.3 13.2 
hybrid-GGA B3LYP 7.5 9.7 16.2 13.7 
meta-GGA 
M06 17.6 11.9 21.8 17.1 
M11L 18.8 13.5 24.1 12.3 
MN12L 33.4 20.6 37.7 26.4 
GGA 
BLYP 6.2 8.2 14.5 9.9 
BP86 4.8 5.5 12.8 12.9 
N12 14.4 10.0 18.1 16.5 
PBEPBE 6.4 5.6 12.2 11.1 
SOGGALL 10.7 9.0 14.4 16.5 
Post-HF MP2 17.3 12.1 22.9 41.7 
 
There is apparently little benefit to moving “higher” on Jacob’s ladder of DFT functionals 
when modeling bond dissociation enthalpies for a heavy 5d metal like tungsten. The best 
performing functionals are the GGA type with BLYP/CEP-31G(d) coming in as the closest match 
at 6.4 ± 7.7%. For a dataset that includes tungsten and a combination of 2p and 3p elements 
PBEPBE/SDDALL(d) appears to be the most reliable versus G4 values. Further comparison of 
performance among the various families of functionals are given Appendix B. 
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3.5.4 Comparison with W-2p Ligands 
Using the same suite of the popular functionals (plus MP2 methods) and valence basis 
sets/effective core potentials for W-3p complexes as previously used to study W-2p enthalpies by 
Moulder et al.22 provides a platform for comparison.  
Table 3.3: Average DFT Computed Homolytic WE (E = C, N, O, Si, P, S) Bond Enthalpies in kcal/mol. 
Element Dative σ π 2nd π 
C   61.4 32.5 42.6 
N 47.4 104.4 17.6 34.1 
O 13.6 93.1 67.8  
Si   65.5 7.2 22.9 
P 37.0 106.7 -14.9 27.3 
S 2.5 47.7 44.0  
 
For the 3p elements studied herein, however, there is a fair amount of spread in the overall 
error (Table 3.1 and Fig. 3.9) for example, indicating a need for careful calibration of the level of 
theory – indeed multiple levels of theory – before studying thermochemistry with any of these 
heavier main group elements. The main group homologs do run into curious issues arising from 
ambiguous bond order as expected given the literature on modeling silenes and silynes.70-73 Silicon 
has access to d-orbitals and less propensity to hybridize compared to carbon. For example, the 
trans-bent geometry of Si2Me2 implies a bond order closer to 2 while its stoichiometry suggests a 
triple bond (Fig. 3.11).74 This appears to have an impact on the observed bond enthalpies rendering 
the 3p elements more prone to have the 2nd π-bond component stronger than the 1st π-bond, which 
is more akin to transition metal complexes than to 2p-based main group compounds.22 
The pnictogen models have been particularly problematic. The DLPNO-CCSD(T) 
calculation of the WP σ-bond is revealed to be far weaker at ~73 kcal/mol than implied by DFT 
(Table 3.1). The coupled cluster value is more consistent with the rest of the data set and with 
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known experimental reactivity trends.40-42 Indeed, it is also worth noting that the DLPNO-
CCSD(T) calculation of the WSi σ-bond enthalpy is also 13 kcal/mol weaker than the mean BDE 
for the DFT models at 52 kcal/mol. Interestingly, the W–C and W–Si BDE values are fairly close 
for all but the tungsten-alkylidyne and the tungsten-silyne bonds, particularly when comparing the 
mean DFT BDEs for WC to the CCSD(T) BDEs for WSi (Table 3.2). 
 
Figure 3.11: Geometry of Si2Me2 optimized at the SOGGA11/CEP-31G(d.p) level of theory including 
all pertinent bond lengths and angles. 
 
This work highlights the need for caution.75 Tungsten is a heavy metal, which one might 
infer requires less computational finesse in comparison to 3d metals to model given the large 
ligand-field splitting expected of a 5d metal. On the contrary, this work demonstrates the 
difficulties associated with attempting to model the thermochemistry of a heavy metal with DFT 
(and MP2 as well) levels of theory through the broad standard deviations observed. On average, 
the values found using these popular DFT levels of theory are reliable (Fig. 3.10), but the box-and-
whisker plot (Fig. 3.9) reveals that individual basis set/pseudopotential/valence basis set 
combination can vary wildly.  The supporting information in Appendix B is provided to assist in 
the decisions on which basis set and functional combination is most applicable. For critical 
computational thermochemical information in organometallic and inorganic chemistry 
applications, caveat lector! 
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3.6 Supporting Information 
A detailed accounting of the computed homolytic bond enthalpy and geometric data found 
with respect to each functional/ECP/valence basis set are available in the supporting information 
for all models. This material can be found at Appendix B and http://pubs.acs.org/ . 
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CHAPTER 4 
ON THE THEORY OF π-LOADING AND TUNGSTEN 
4.1 Introduction 
A common motif in catalytic design involves more than one multiply bonded ligand 
coordinated to a metal. This motif is particularly common for early transition metals in high formal 
oxidation states including Schrock’s imide (alkylidene) catalysts, Wolczsanski’s poly-imidos, and 
several others.1-11 This paradigm has been proposed to exploit the principle of π-loading for 
enhanced reactivity. First proposed by Wigley,12 π-loading is defined as the weakening of 
transition metal π-bonds via competition among the M dπ – E pπ molecular orbitals. There has been 
some discussion as to whether or not π-loading is a real phenomenon, how significant it may be, 
and if so, is its influence overstated?13-18 Moreover, much of the early discussion of π-loading has 
focused on structural (i.e. bond lengths) as opposed to thermochemical data. 
This work focuses on how the thermochemistry of π-loaded tungsten complexes might be 
analyzed to test the veracity of the Wigley’s hypothesis. Tungsten is a Group VI transition metal 
that has been suggested to exhibit the effects of π-loading and was featured in Wigley’s initial 
hypothesis in 1991.12 This theoretical study uses DFT and coupled cluster methods to analyze the 
purported bond weakening of π-loaded complexes, thus attempting to quantify the size and scale 
of π-loading in thermochemical terms.  
How then to approach the problem of quantifying and critically analyzing the proposed 
existence of this M dπ – E pπ molecular orbital competition and what factors may actually modify 
its strength? Prior work on σ- and π-bond enthalpy components of metal-2p element bonds by 
Moulder et al. (see Chapter 2) provides a starting point.20,21 Using similar homolytic cleavage 
models to the prior efforts for W-2p ligands, new models can be designed to provide insight into 
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π-loaded, multiply bonded catalyst motifs.20 
The homolytic cleavage provides some insight on the bond dissociation enthalpy for a 
particular M=E bond; weakening when other π-bonding ligands are present.21-23 Given the earlier 
finding that M=E π-bond strengths dictate the mechanism of C–H activation for a three-coordinate 
metal-imide active site model,24,25 one may further hypothesize that using π-loading to reduce 
M=N π-bond strengths would lead to more reactive intermediates.26-32 This may be particularly 
interesting for complexes like nitridos, which are generally unreactive in the absence of extremely 
electron-rich metals.33-41 
 
Scheme 4.1: Model of homolytic cleavage between W and E, E' where E, E' = CH2, CH, NH, N, O for 
calculating the bond enthalpies of the di-ligated complexes. 
 
The weakening of a M=E bond logically must have some underlying principles.42 First, 
does the identity of E matter? To evaluate the impact of the ligand identity, it is worthwhile to 
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model the most experimentally relevant moieties and those most likely to demonstrate a significant 
change in the BDEs, for this work, E = CR2, CR, NR, N, and O viz alkylidene, alkylidyne, imide, 
nitride, and oxo ligands, respectively (Scheme 4.1).43-51 These are the most common multiply 
bonded ligand motifs seen in organometallic catalysts. Future work could evaluate, for example, 
the impact of metal identity within Group VI. 
But first, there needs to be a baseline for comparison. The bond strengths of the multiple 
bonds in question must first be known when there are no other multiple bonds in the complex. 
Thus, the initial models for W dπ – E pπ, where E = CR2, CR, NR, N, and O, are modeled within 
(Me)nW=E complexes, n = 1 - 4. With this baseline, it is then possible to evaluate factors such as 
the relaxation energy of the fragments upon homolysis, and facets such as those that result from a 
change in formal oxidation states of the metal. 
 
Scheme 4.2: Model of homolytic cleavage between W and E where E = CH2, CH, NH, N, O for 
calculating the bond enthalpies of the complexes with a single metal-element multiple bond. 
 
Evaluation of the relaxation energy in the system from the coordination environment may 
be assessed through the models in Scheme 4.2. This reduction in the number of spectator ligands 
to the π-bonded E allows for observation of the impact of the d-electron count at the metal, and 
changes in metal coordination number using typical organometallic counting rules, for example, 
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while WMe4O defines a d0 W(VI) complex, the fragment generated by W—Me homolysis, 
WMe3O is formally, d1 or W(V). The formal oxidation state of the metal is thus anticipated to 
change with bond homolyses metal coordination numbers.  
4.2 Computational Methods 
The BDE calculations for Schemes 4.1 and 4.2 are performed with the Gaussian 16 
software package52 in the gas phase at standard temperature (298.15 K) and pressure (1 atm) for 
the optimized complexes and the fragments generated by homolysis. The PBE0 functional and 
SDDALL valence basis sets, augmented with d-polarization functions for the associated main 
group elements have been selected on the basis of having provided the most optimal data in 
previous work on similar systems.20 All metal complexes, and fragments thereof, are modeled as 
neutral species with all appropriate spin multiplicities (low, intermediate and high spin) 
investigated to determine the lowest energy structure. All enthalpies are derived from clearly 
defined minima with no imaginary vibrational frequency from the energy Hessian, and are reported 
in kcal/mol. The lowest energy optimized geometries obtained from DFT optimization are then 
run as single point coupled clusters calculations using the ORCA software package. 
The ORCA software package52,53 and DLPNO-CCSD(T)/ Def2-SVP, Def2-TZVPP, and 
Def2-QZVPP single point calculations (at PBE0/SDDALL(d) optimized minima) form a minimal 
set of calculations to derive a series of complete basis set limits.54,55 Enthalpic corrections needed 
to obtain BDEs are also derived from the PBE0/SDDALL(d) DFT simulations. The DLPNO-
CCSD(T)/Def2-TZVPP//PBE0/SDDALL(d) level of theory is used for all reported homolytic 
bond dissociation enthalpies and the snap energy calculations.56-60 
4.3 Results and Discussion 
While unlikely, the use of DFT for these models may misrepresent these BDE values if the 
77 
level of theory is inadequate? To discern if the PBE0/SDDALL(d) level of theory is sufficient the 
complete basis set CCSD(T) limits for a subset of model complexes from the initial research on 
tungsten bond enthalpies by Moulder et al. (Fig. 4.1)19,20 were calculated. These models allow for 
not just the current work to be considered, but also for the prior work and are based on known 
experimental crystal structures.61-63 All of the bond dissociation enthalpies calculated via DFT 
methods are within ~10 kcal/mol of CBS/CCSD(T) methods save for the hydrazine double bond 
which is just over at 11.5 kcal/mol among the small molecule homologs. 
 
Figure 4.1: D0 Tungsten-Element models (left) and Element-Element models (right) used to calibrate 
the level of theory for this research and to model the deformation (snap) enthalpies. Homolytic bond 
cleavages are color coded with dashed lines to highlight commonalities: red for single bond, blue for 
double, and green for triple bonds, plus a purple for the disassociation of a dative moiety. 
 
The small molecule main group models are provided as experimentally verifiable 
homologs of the various bond types modeled. For carbon, the models are butane, trans-but-2-ene, 
and but-2-yne homolytically cleaved between carbons two and three. For nitrogen, the small 
molecules are hydrazine, trans-diazene, and nitrogen gas all cleaved at the bond between the 
nitrogens. The oxygen models are peroxide and oxygen gas, again homolytically cleaved between 
the oxygens.  
The consistency of the DFT values with the calculated complete basis set limits is 
impressive (Fig. 4.2). Using the simple formula of double bond BDE – single bond BDE to get the 
enthalpy difference for the π- bond in the double bond, there is remarkably limited variance in the 
calculated enthalpies from the DFT to the CCSD(T) complex basis set limit values. The largest 
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differences are seen in the 2nd π-bonds. This is entirely expected as the errors propagate through 
the derived BDE values. Regardless, the variances are overall modest and indicative that the 
PBE0/SDDALL(d) level of theory is a reasonable compromise between computational expense 
and chemical accuracy for this modeling work with tungsten. However, the small main group 
models, particularly those involving oxygen, would be better served with the use higher levels of 
theory both because the variance is higher and because the models are comparatively less 
computationally expensive even at relatively high levels theory. The difference here illustrates one 
of the difficulties in modeling heavy metals compared to lighter elements, every compromise 
between expense and accuracy requires judicious care. 
 
Figure 4.2: Correlation of PBE0/SDDALL(d) DFT calculations to the DLPNO-CCSD(T)/Def2-
TZVPP calculations. The coefficient of determination is: R2 = 99.65%. 
 
The DFT calculations are accurate to the general trend of the homolytic bond cleavages 
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(Tables 4.1 and 4.2). In most studies, DFT would be sufficient for the modeling (Fig. 4.2), but the 
preliminary π-loading calculations show small enthalpic differences. (A very high degree of 
correlation is expected as the higher-level theory calculations use the PBE0/SDDALL(d) 
geometries.) The complete basis set limits for each of these bonds reveals that the errors from DFT 
may obscure the π-loading measurements entirely. Thus, this modeling work benefits from the 
DLPNO-CCSD(T)/def2-TZVPP//PBE0/SDDALL(d) level of theory. Having determined that the 
CCSD(T) level of theory is necessary and sufficient for this work, the next question is what are 
the results?  
Table 4.1: Complete basis set limits (CBS) in kcal/mol for each bond type as calculated, 
PBE0/SDDALL(d) (the DFT level of theory for this work), and DFT avg gives the values calculated 
in Chapter 2. 
 Dative Single Double Triple 
WC 
CBS  66.7 97.7 143.7 
PBE0/SDDALL(d)  56.2 89.2 133.7 
DFT avg  61.4 94.0 136.5 
WN 
CBS 50.0 109.2 128.7 155.9 
PBE0/SDDALL(d) 46.2 100.5 121.5 153.7 
DFT avg 47.4 104.4 122.0 156.1 
WO 
CBS 14.9 102.0 168.3  
PBE0/SDDALL(d) 11.7 94.0 161.7  
DFT avg 13.6 93.1 161.0  
CC 
CBS  95.1 178.6 212.8 
PBE0/SDDALL(d)  81.9 161.2 199.0 
DFT avg  87.2 167.2 197.8 
NN 
CBS  74.1 130.0 226.5 
PBE0/SDDALL(d)  64.9 118.5 217.0 
DFT avg  64.0 120.2 217.7 
(table continues) 
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 Dative Single Double Triple 
OO 
CBS  55.1 120.1  
PBE0/SDDALL(d)  51.0 125.2  
DFT avg  49.9 122.3  
 
Table 4.2: The variance between calculated π- bond enthalpies are listed under the Var columns and 
the π- bond dissociation enthalpies are listed under 1st π- and 2nd π- for each method: complete basis 
set limits in kcal/mol for each bond type as calculated by CBS complete basis set limit using the 
energy, PBE0/SDDALL (the level of theory for this work), and DFT avg gives the values calculated 
in Chapter 2. 





2.1 PBE0/SDDALL(d) 33.0 44.5 





10.7 PBE0/SDDALL(d) 21.0 32.2 





n/a PBE0/SDDALL(d) 67.7  





9.1 PBE0/SDDALL(d) 79.3 37.8 





2.9 PBE0/SDDALL(d) 53.6 98.5 





n/a PBE0/SDDALL(d) 74.2  
DFT avg 72.4  
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The formal oxidation state and the d-count of the tungsten are frequently convoluted with 
the coordination number of the metal center given that changes in the latter involve the homolysis 
of a W—Me bond for the present models; thus, pains have been taken to account for this 
throughout. The ligands selected for this study are small to minimize the influence of steric factors. 
Comparing the bond enthalpies of each of the models with respect to their d-counts allows the 
observation of how they change with different ligand is the primary focus and thus all models are 
small and optimized to their global minima. The spectator methyl groups function as a model 
organometallic spectator ligand, which have minimal π-bonding influence of their own, and 
minimal steric impact, and hence it is expected minimal impact on the strengths of the WE bonds 
of interest. 
The bond dissociation energies in Table 4.3 of WE are modeled according to Scheme 4.1. 
With this set of homolytic cleavages as a function of d-count, formal oxidation state, and ligand 
identity, a baseline for the variability of the bond dissociation enthalpies of each of the ligands 
may be generated. 
Table 4.3: Bond dissociation enthalpies of ligands in kcal/mol as a function of the tungsten d-count 
calculated at the DLPNO-CCSD(T)/Def2-TZVPP//PBE0/SDDALL(d) level of theory for WMenE 
models. 
Ligand* d0 d1 d2 
W=CH22-  108.7 136.7 140.0 
W=NH2- 128.4 151.0 156.1 
W=O2- 166.2 191.8 197.3 
W≡CH3- 184.4 177.4  
W≡N3- 180.8 173.7  
*Formal charges provided for each ligand using the ionic counting scheme. All 
ligands that have a formal charge of 2- are modeled as WMe4=E and all with a formal 
charge of 3- are modeled as WMe3≡E to provide a d0 tungsten metal center. 
 
The baseline bond dissociation enthalpies allow the observation that every bond 
dissociation enthalpy for the complexes with multiple-multiple bonds is subtlety different than 
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those seen for the neutral single multiple bond complexes. The d0 complexes modeled for Figure 
4.3 are Me4W=E (E= CH22-, NH2-, divalent O2-) and Me3W≡E (E = CH3-, N3-) for the complexes 
with a single multiply bonded element. The double bonded CH22-, NH2- and divalent O2- bonds 
demonstrate a distinct increase in energy required to homolytically cleave the multiple bond when 
bonds that are stronger as mono-ligated moieties are present in the complex (Fig. 4.3). For 
example, the tungsten bisalkylidene model has a + 6.8 kcal/mol greater BDE at 115.5 kcal/mol 
from the tungsten alkylidene model at 108.7 kcal/mol. All of the alkylidene moieties are stronger, 
or within error in the case of MeW(CH2)(≡N), when another π-bonded moiety is present in the 
complex. The tungsten alkylidene alkylidyne model has the BDE of the alkylidene increase 
slightly by +2.4 kcal/mol to 111.1 kcal/mol. The imide moiety is weaker in the presence of the 
alkylidyne (by -8.4 kcal/mol to 120.0 kcal/mol) or nitride (by -27.4 kcal/mol to 101.1 kcal/mol) 
moieties; and distinctly stronger when paired with any of the other three moieties. The imide bond 
in the tungsten alkylidene imide model is +10.1 kcal/mol stronger at 138.6 kcal/mol. Again, the 
imide bond in the tungsten bisimide model is +12.9 kcal/mol stronger at 141.3 kcal/mol. This is 
the exact opposite of π-loading as hypothesized by Wigley!12 Similarly, the imide bond in the 
tungsten imide oxo model is also strengthened by +7.5 kcal/mol to 135.9 kcal/mol whereas the 
oxo moiety is strengthened by +10.9 kcal/mol to 177.1 kcal/mol from 166.2 kcal/mol. 
The oxo moiety is curious. The two lone pairs on oxygen can make the exact bond order 
of an oxo ambiguous. To resolve the issue of just how many π-bonds are in the oxo, it is helpful 
to observe whether or not there is electron spin density on the metal and if there should be. In the 
d0 tungsten oxo models there is, of course, no spin density on the central tungsten. Oxygen is a 
highly electronegative atom which may rationalize why the BDE of the oxo moieties have stronger 
bond enthalpies compared to the Me4W=O model oxo BDEs when cleaved with another divalent 
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moiety is present in the Me2W(=E)(=O) model (E = CH2, NH, O). Tungsten is an oxophilic metal 
and this incredible bond strength helps explain why oxygen contamination can so easily kill 
tungsten catalysts.  
 
Figure 4.3: Calculated bond dissociation enthalpies in kcal/mol for d0 W(VI) complexes. Columns are 
clustered enthalpies for one moiety, the rows are which moiety the enthalpy listed in the column is in 
respect to. Note, the ‘Me Only’ in the purple checkerboard is the BDE of the mono-ligated models 
for that moiety, that is Men+2W(E) and where the di-ligated species are the MenW(E)(E’).  
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For the cleavage of the triple bonds in the d0 π-loaded models, there is a distinct decrease 
in the bond dissociation enthalpy consistent with the π-loading hypothesis. For the triple bond 
cleavages, Me2W≡E (E = CH3-, N3-) all have strong bond dissociation enthalpies between ~180-
184 kcal/mol on their own as mono-ligated species, WMe3E. The homolytic bond cleavage 
enthalpies of the triple bonds decrease by 38.6 to 89.0 kcal/mol when any other π-bonded moiety 
is present. This suggests that π-loading with multiple-multiple bonds only consistently weakens 
the triple bonds in a d0 complex, an important nuance and perhaps one that may be exploited for 
catalysis involving early metal-nitrido moieties, which can be quite inert.36,64 
The reorganization energy (snap/deformation energy) does point to significant changes in 
the optimal geometries of the model upon homolytic cleavage.66-69 Unfortunately, in the absence 
of a specific catalytic reaction the reorganization energy cannot be conclusively determined to play 
a significant role in the π-loading hypothesis. Should a π-loaded catalyst be modeled for a specific 
reaction, the scale of the reorganization enthalpies can be found in the appendices.  
Much of the early work assessing π-loading focused on metal-element multiple bond 
lengths from X-ray crystal structures. Using X-ray crystallography to ascertain structural 
information is of course logical. It does not, however, give insight into the d-count on the metal 
and how available lone pairs on a multiply bonded ligating atom, especially O and N which may 
convolute the issue of bond order and bond enthalpies.  
Using the mono-oxo MenW=O models (Fig. 4.4), the bond lengths between the tungsten 
and oxygen are static as methyl groups are removed, increasing the d-count on the metal. This 
example demonstrates how bond order cannot be fully determined by crystal structure alone. 




Figure 4.4: Geometry optimized mono-ligated MenW=O models with their d-counts, geometry at the 
metal center, and tungsten-oxo bond lengths in angstroms. 
 
To see if the bond lengths changed in any significant manner with respect to the d0 
complexes used for the π-loading models (Fig. 4.5), the WE bond lengths are tabulated based on 
the PBE0/SDDALL(d) geometries, same as the single point CCSD(T) calcs. DFT predicted metal-
element bond lengths generally correlate very well with those derived from experimental crystal 
structures as observed in prior work from Moulder et al.19,20 Thus, the bond lengths from the 
models are likely to correspond well to experimental reality.69 
 
Figure 4.5: The d0 models used to determine changes in WE bond lengths. Mono-ligated, di-ligated 
with the same E, and di-ligated with different E’. Note that those models with a triple bond have one 
fewer methyl groups to remain consistently d0 tungsten models. 
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Table 4.4: Mono-ligated MenW=E bond lengths in Å from Figure 4.5 on left. 
Å W=CH2 W≡CH W=NH W≡N W=O 
W=CH2 1.899     
W≡CH  1.763    
W=NH   1.779   
W≡N    1.692  
W=O     1.724 
 
Table 4.5: Percent difference of bond length in Å between the mono-ligated and di-ligated models 
from Figure 4.5. The percentage reads from the bond on the left with respect to the column above. 
E/(E/E') % W=CH2 W≡CH W=NH W≡N W=O 
W=CH2 -0.4 -0.5 -0.2 -1.1 -0.2 
W≡CH -0.1 -7.8 -1.3 -3.9 -1.9 
W=NH 1.7 -0.7 0.2 -3.5 -0.1 
W≡N 0.1 -1.2 -0.3 -3.6 -1.0 
W=O 0.2 -0.9 -0.6 -1.4 -0.6 
 
Table 4.6: Di-ligated MenW=E bond lengths in Å from Figure 4.5 center and right. The bond length 
reads from the bond on the left with respect to the column above. 
Å W=CH2 W≡CH W=NH W≡N W=O 
W=CH2 1.906 1.909 1.903 1.919 1.903 
W≡CH 1.765 1.900 1.786 1.831 1.797 
W=NH 1.749 1.792 1.775 1.841 1.780 
W≡N 1.690 1.713 1.697 1.752 1.710 
W=O 1.721 1.739 1.734 1.748 1.734 
 
Table 4.7: Percent difference of bond length in Å between same and different moiety di-ligated 
models Figure 4.5 center and right. The percentage reads from the bond on the left with respect to 
the column above. 
E/(E/E') % W=CH2 W≡CH W=NH W≡N W=O 
W=CH2 0.0 -0.2 0.1 -0.7 0.1 
W≡CH 7.1 0.0 6.0 3.6 5.4 
W=NH 1.4 -1.0 0.0 -3.8 -0.3 
W≡N 3.5 2.3 3.2 0.0 2.4 




The differences in bond lengths do not change significantly for d0 tungsten metal centers 
regardless of which ligand is being modeled. Even the greatest percent difference is less than 10%, 
which translates to a tenth of an angstrom in bond length at most. This may be taken to imply that 
the ionic radius of the metal center is the dominant factor in the bond length, not the main group 
element ligated to the metal center. While not unexpected, metal radii are generally larger than 
main group radii, this does mean that d0 tungsten centers should have ligands with similar bond 
lengths for the higher bond orders in any complex. Indeed, the greatest differences are in the 
alkylidyne and nitride bond lengths that may be defined by alternative resonance structures and 
thus be ambiguous.70  
4.4 Summary and Conclusions 
This work tests the validity of the π-loading hypothesis and concludes that the π-loading 
hypothesis is, at best, incomplete. A series of computational models shown in Schemes 4.1 and 
4.2 have been created to determine if the mono- or di- ligated complex with the same d-electron 
count has the stronger tungsten-ligand bond. Several avenues of investigation are pursued to assess 
what the underlying mechanism might be for potential increase in catalytic activity for W(VI) 
complexes based on the presence of multiple-multiple bonds.  
The calculated complete basis set limits with the DLPNO-CCSD(T)/ Def2-SVP, Def2-
TZVPP, and Def2-QZVPP //PBE0/SDDALL(d) levels of theory from the single point geometries 
show remarkable agreement with the bond enthalpies calculated at the DFT PBE0/SDDALL(d) 
level of theory. The basis set limits for the bond dissociation enthalpies are calculated in Taable 
4.1, and the variances in the π-bond enthalpies are seen in Table 4.2. However, as the scale of the 
differences in the bond dissociation enthalpies is not necessarily very large, a higher level of theory 
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than PBE0/SDDALL(d) is needed. All calculations herein are reported at the DLPNO-
CCSD(T)/def2-QZVPP//PBE0/SDDALL(d) level of theory except when otherwise specified. 
These models provide evidence that the inductive effects of π-bonds do impact the bond 
strength of other π-bonds within the complex; however, it is not solely in one direction (Fig. 4.6). 
The divalent bonds in d0 the tungsten models all have higher homolytic bond dissociation 
enthalpies when paired together in a di-ligated model than in a mono-ligated model (Fig. 4.1 and 
Table 4.3). On the other hand, the alkylidyne and nitride bonds have considerably lower homolytic 
bond enthalpies in the di-ligated d0 models compared to the d0 mono-ligated models (Fig. 4.1 and 
Table 4.3). 
 
Figure 4.6: Di-ligated d0 tungsten model with the scale of the impact of π-loading on right in kcal/mol 
in comparison to di-ligated models with identical E groups. 
 
At higher d-counts, d1 and d2, the bond enthalpies in the di-ligated models (Appendix C) 
decrease consistent with the π-loading hypothesis compared to the mono-ligated models (Table 
4.3). Unfortunately, it is far less likely that a catalyst would be synthesized to have access to such 
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formal oxidation states without, for example, a redox non-innocent ligand donating electrons to 
the metal which is well beyond the scope of this dissertation.  
The snap energies for the homolytic cleavages point to significant molecular orbital strain 
(see Appendix C). There is significant reorganization occurring in the tungsten fragments at 
homolytic cleavage of higher bonder orders. In the absence of a specific catalytic reaction, whether 
this deformation energy plays a significant role in the catalytic activity cannot be determined; 
nevertheless, it should be considered as an option when studying complexes with multiple-multiple 
bonds. This work is suggestive, but not conclusive, that snap enthalpy may play a factor in the π-
loading hypothesis. 
Bond length analysis shows that the multiple bonds are remarkably consistent in length 
regardless of which ligand or whether mono or di ligated to the tungsten metal center (Fig. 4.5, 
Tables 4.4 to 4.7). As long as the d-count on the metal is the same, and thus the metal has a 
consistent ionic radius, the differences in the bond lengths are effectively within error.  
There remains a question of the impact of the polarizability of the metal itself on the 
intramolecular dynamics of the inductive effects on multiple π-bonds. This question could be 
addressed through interrogating other transition metal complexes with similar features. Future 
work ideally would involve the rest of the Group VI metals with near identical model complexes 
to allow the strongest possible basis for comparison with this work. 
Ideally, these inductive reasonings would be experimentally confirmed through a 
combination of spectroscopic techniques. A well deigned experiment with indicator ligands for 
FTIR has potential to measure the electronic effect of multiple π-bonds through the π-backbonding 
effects. The shielding and deshielding measurements in NMR also hold some promise to directly 
measure the influence of the electron densities’ proximity to the nuclei.  
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As there is little evidence in this study to show the existence of π-loading as a 
thermodynamic effect, there should be some experiments to see if the increase in catalytic activity 
of a π-loaded system has measurable effect. Systematic experiments that include various π-bonds, 
coordination numbers, and steric environments should be performed alongside kinetic and buried 
volume studies.  
4.5 Supporting Information 
A detailed accounting of the computed homolytic bond enthalpies, snap energies, and 
complete basis set limits are available in the supporting information for all models. This material 
can be found in Appendix C. 
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SUMMARY, PROSPECTUS, AND FUTURE WORK 
5.1 Summary 
This body of dissertation research on tungsten-element bond enthalpies is fundamental 
science, albeit with potential applications in areas such as catalysis where a knowledge of such 
bond enthalpies is critical. Bond enthalpies are related to a variety of chemical phenomena 
including chemical reactions, solid state device development, absorption frequencies in 
spectroscopy, mechanical properties, etc. As a physical property of a chemical bond, in theory the 
bond dissociation enthalpy should be possible to experimentally measure. The difficulty in 
experimentally measuring bond enthalpies is that they are sensitive to temperature and pressure, 
not to mention that specific bonds can be impossible to isolate within a molecule. Nevertheless, 
bond enthalpies are highly useful to predicting, rationalizing, and understand the chemical 
properties of molecules. This dissertation takes advantage of computational methods to isolate and 
evaluate the thermochemistry of tungsten-element bonds, filling a knowledge gap. Moreover, this 
dissertation research seeks to establish accuracy and precision metrics for these metal-element 
bond enthalpies by comparison of high-level coupled cluster predicted BDES to those obtained 
from a library of popular functionals and pseudopotentials/valence basis sets. 
Tungsten is an early heavy transition metal in Group VI that can be used as the active site 
in a catalyst, for example, as in the well-known Schrock olefin metathesis catalysts.1-11 As a Group 
VI element, tungsten has as many as six electrons in its elemental state and in formally W6+ 
complexes such as W(CO)6. It can also have a formal oxidation state of 6+ in d0 complexes. It is 
the d0 W(VI) complexes upon which this dissertation focuses most heavily as this high-valent 
metal state is frequently found in relatively small molecular catalysts. For example, Group VI 
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elements, including tungsten, have featured as the catalysts in all kinds of olefin metathesis 
reactions since the 1950s. These catalysts typically involve the metal being ligated to 2p or 3p 
elements in a variety of different bonding motifs, via both formally single and multiple metal-
element bonds. Chapters 2 and 3 provide insight, to our knowledge, for the first time in the 
literature into metal-ligand bond enthalpies, including the σ and π components, for single, double, 
and triple bonds between tungsten and these elements. 
Quantum chemical methods provide a highly effective tool to access the bond enthalpies 
of these tungsten-element bonds as isolating the bonds of interest is relatively facile via 
computations. Like any instrument, to separate the signal from the noise the error needs to be 
quantified. Using a set of popular DFT functionals and pseudopotentials/valence basis sets a 
protocol to evaluate the accuracy and precision of the thermochemistry calculations relative to 
higher levels of ab initio theory and, when possible, experimental values. These ‘quality control’ 
measurements are reported both in the chapters and in the appendices.  
5.2 Prospectus 
Furthermore, the computational protocols used herein have been optimized to allow other 
scientists to reproduce them for other transition metals. It is anticipated that future researchers will 
expand the BDE database created here to other metals and ligand types. For example, the scripts, 
datasheets, and files are available with training instructions to allow undergraduate researchers to 
use for their own work. Moreover, with expansion of the database of metal-ligand bond enthalpies, 
combined with modern machine learning techniques, there is the potential for a Benson-style group 
additivity scheme to be developed based on the bond dissociation enthalpies for transition metals 
that could be used as a means of quickly determining if a potential reaction is worth pursuing 
99 
before resorting to quantitative calculations, or at a minimum to prioritize a series of possible 
calculations. 
The ultimate goal of the research on bond dissociation enthalpies is to be highly useful to 
informing experimental design, for example, of catalysts. To this end, chapter 4 addresses an 
interesting hypothesis that multiple π-bonds ligated to a metal center would weaken the bond 
dissociation energies of those bonds and thus increase catalyst reactivity. This π-loading 
hypothesis was inferred on the basis of analyses of metal-ligand bond lengths, but herein is tested 
via calculation of bond enthalpies. The effect is found to be likely too subtle to describe the bond 
enthalpies found with CCSD(T) and especially DFT calculations. While π-loading is shown to 
affect the bond enthalpies, it is not necessarily weakening the metal-element bonds. Instead, for 
the d0 tungsten models, triply bonded ligands weaken other bonds but the double bonds are found 
to strengthen other double bonds! The analysis presented here suggests that other factors such as 
the d-count on the metal and the metal’s coordination number have a greater impact on the bond 
enthalpies than π-loading does.  
The, at least partial, disconfirmation of the π-loading hypothesis upends a paradigm that 
has been discussed for 30 years to rationalize experimental catalyst reactivity of LnW(E)(E’) 
complexes, where E and E’ are multiply bond ligands such as imidos, alkylidenes, oxos, etc. More 
needs to be done to validate this disconfirmation. While π-loading does not have a major impact 
on double bonds in d0 tungsten, it does have some impact – on the order of less than 10 kcal/mol 
– that might be useful under the right circumstances for fine-tuning a catalyst. 
5.3 Future Work 
Does the disconfirmation of π-loading hold for other early transition metals? What about 
more electron rich late transition metals? The higher d-count tungsten models in the appendices 
100 
do show greater impact so might late transition metals show more effect from π-loading? Does the 
polarizability of the transition metal impact the inductive effects of π-loading? Additionally, given 
the growing interest in the exploring the reactivity of early – mid series nitrido complexes, and the 
inference that triply bonded ligands are more susceptible to π-loading in an enthalpic sense, there 
would seem to be more research worthy in this direction. 
It is suspected that the electronegativity match between the central tungsten and the 
elements that comprise the π-bonded ligands may play a role in the importance – or lack thereof – 
of so-called π -loading. We posit that with the better electronegativity matches there is less of a 
“tug of war” over the electrons and more of a covalent sharing than would exist with a large 
mismatch to use the electroneutrality principles espoused by Pauling. Large electronegativity 
mismatches (e.g., greater than 1.7 Pauling units difference) lead to metal-ligand interactions that 
are more ionic in character and pull the electrons more toward the ligands. Tungsten has a similar 
Pauling electronegativity to carbon (2.36 and 2.55 Pauling units, respectively) compared to 
nitrogen and oxygen (3.04 and 3.44 Pauling units, respectively). The multiple bonding prevents 
the correlation from being direct; however, there are computational modeling techniques that 
visualize the electron density/localization functions that would be informative. These are further 
avenues for theoretical investigation that are beyond the scope of the work already completed. 
Of course, thermochemistry is not the only possible explanation for increased catalyst 
reactivity. There is the possibility that effect that experimentalists were attributing to π-loading 
may be manifested not as a ground state but rather a transition state or kinetic effect. This could 
be simulated using statistical modeling or directly tested experimentally with well-defined kinetic 
studies. Ideally, a theoretical model would be created using molecular dynamics or the like to 
simulate the kinetics and then experimentally feasible complexes would be used to confirm the 
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findings. Systematic experiments that include various π-bonds, coordination numbers, and steric 
environments, and buried volume studies would be needed before attempting experimental 
verification.  
The body of work that is this dissertation contains significant theoretical work on 
understanding the electronic structure of tungsten complexes through the analysis bond 
dissociation enthalpies. It is hoped that these contributions to the field of organometallic theoretical 
chemistry are widely useful to other inorganic and physical chemists. Moreover, the calibration of 
popular DFT functionals and pseudopotentials versus coupled cluster techniques should be useful 
to computational and theoretical chemists. 
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SUPPLEMENTAL INFORMATION FOR CHAPTER 2
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A.1 BDE Aggregate Data  
A.1.1 BDE Aggregate Data vis a vis Experimental Data 
Table A.1.1:Percent absolute error of small molecule homolog calculated bond dissociation 








Carbon Nitrogen Oxygen Overall 





CEP 31G 8.8   17.4 15.5 8.8 3.0 6.7 10.0 5.4 
CEP 121G 9.7   6.8 8.6 2.2 3.0 6.8 6.2 3.0 
LANL2DZ 5.3   1.5 1.6 1.0 17.1 16.0 7.1 7.5 





CEP 31G 36.8   16.8 18.7 12.6 16.1 8.6 18.3 9.8 
CEP 121G 12.1   15.3 17.8 9.9 15.9 8.4 13.2 3.7 
LANL2DZ 7.9   7.1 10.8 6.2 4.6 0.6 6.2 3.4 




CEP 31G 1.7   0.6 11.3 19.3 4.5 10.6 8.0 7.1 
CEP 121G 0.5   0.8 13.4 17.4 5.4 11.2 8.1 7.0 
LANL2DZ 1.7   0.5 9.1 9.3 0.7 4.2 4.3 4.1 




CEP 31G 14.8   17.4 15.5 8.8 5.2 0.6 10.4 6.6 
CEP 121G 15.8   16.1 14.8 6.4 5.2 0.4 9.8 6.7 
LANL2DZ 10.3   5.9 5.6 1.2 9.9 11.3 7.4 3.8 





CEP 31G 3.7   5.2 9.1 6.5 1.3 4.9 5.1 2.6 
CEP 121G 5.2   3.7 8.2 4.0 0.8 4.7 4.4 2.4 
LANL2DZ 6.3   4.9 0.3 0.8 19.8 17.6 8.3 8.4 





CEP 31G 6.0   5.9 7.5 4.2 5.8 8.4 6.3 1.5 
CEP 121G 6.8   5.1 7.3 2.3 5.9 8.6 6.0 2.2 
LANL2DZ 2.2   5.6 9.7 7.0 5.2 6.4 6.0 2.5 




CEP 31G 1.6   13.3 5.2 10.1 26.2 7.9 10.7 8.6 
CEP 121G 2.9   2.6 3.4 13.2 26.2 4.2 8.8 9.4 
LANL2DZ 0.5   6.4 5.0 2.0 6.7 5.3 4.3 2.5 








Carbon Nitrogen Oxygen Overall 





CEP 31G 3.0   11.3 2.6 17.4 16.2 1.9 8.7 7.1 
CEP 121G 2.1   11.0 8.9 18.3 16.1 6.5 10.5 6.0 
LANL2DZ 0.9   2.5 0.2 5.8 4.6 11.2 4.2 4.0 




CEP 31G 0.4   2.6 4.5 4.9 12.1 7.6 5.3 4.1 
CEP 121G 1.4   4.3 3.6 2.1 12.5 7.4 5.2 4.1 
LANL2DZ 0.5   5.8 9.8 14.9 12.5 2.5 7.7 5.7 






 CEP 31G 3.6   5.7 1.1 4.6 20.1 16.5 8.6 7.8 
CEP 121G 2.0   7.3 0.5 2.6 19.7 16.7 8.1 8.2 
LANL2DZ 1.1   9.7 4.7 10.6 21.9 14.9 10.5 7.4 





CEP 31G 6.4   14.9 18.2 12.9 16.5 10.0 13.1 4.4 
CEP 121G 6.8   12.7 16.5 9.7 14.8 8.7 11.5 3.8 
LANL2DZ 4.1   7.1 11.8 7.4 7.5 4.1 7.0 2.8 




CEP 31G 2.0   7.3 14.6 19.3 6.6 7.8 9.6 6.2 
CEP 121G 2.7   3.7 11.4 9.1 2.5 5.0 5.7 3.7 
LANL2DZ 2.6   2.6 10.7 9.2 1.6 4.9 5.3 3.8 





 CEP 31G 5.7   0.6 11.3 19.3 -4.1 -1.1 5.3 8.7 
CEP 121G 4.5   0.8 13.4 17.4 -3.7 -0.7 5.3 8.4 
LANL2DZ 2.8   0.5 9.1 9.3 -5.1 -3.2 2.2 6.1 





Average 4.2   1.2 11.0 16.4 -5.8 -1.5 8.1  
Std Dev 6.1   5.1 5.4 6.0 8.5 4.6   
Q1 1.7   3.3 4.7 2.2 4.9 4.5   
Q2 3.0   5.9 8.9 7.0 8.2 7.4   
Q3 6.6   11.8 11.6 11.6 16.8 10.9   
Q4 36.8   17.4 18.7 22.3 36.0 17.6   
Median 3.3   5.9 9.0 7.0 8.2 7.1 7.8  
Max 36.8   17.4 18.7 22.3 36.0 17.6 18.3  




Figure A.1.1: Box and whisker plot showing percent absolute error as a function of bond type for the 
small molecule with respect to the experimental reference data. The arithmetic mean is indicated 




A.1.2 BDE Aggregate Data vis a vis G4 
Table A.1.2: Percent absolute error of small molecule homolog calculated bond dissociation 
enthalpies in kcal/mol by functional and valence basis set with respect to reference values calculated 







Carbon Nitrogen Oxygen Overall 





CEP 31G 9.1 0.6 11.5 14.2 10.7 8.9 7.2 7.2 8.7 4.0 
CEP 121G 10.0 4.8 7.2 3.2 3.5 2.4 7.2 7.3 5.7 2.6 
LANL2DZ 5.6 0.1 2.1 5.5 4.0 0.8 21.9 16.5 7.1 7.9 





CEP 31G 37.0 22.9 25.8 13.6 14.1 12.7 12.6 8.2 18.4 9.5 
CEP 121G 12.4 10.0 10.9 12.0 13.2 10.1 12.5 8.0 11.1 1.7 
LANL2DZ 8.2 5.7 4.6 3.5 5.8 6.3 0.7 0.1 4.4 2.8 




CEP 31G 1.4 2.6 9.1 3.2 6.3 19.4 0.6 10.2 6.6 6.2 
CEP 121G 0.1 2.0 5.0 3.0 8.5 17.5 1.6 10.8 6.1 5.9 
LANL2DZ 2.1 0.6 3.3 4.4 4.0 9.4 3.4 3.8 3.9 2.6 




CEP 31G 15.1 10.2 16.7 14.2 10.7 8.9 1.3 1.0 9.8 5.9 
CEP 121G 16.1 9.5 12.6 12.9 10.0 6.6 1.3 0.8 8.7 5.5 
LANL2DZ 10.6 3.5 5.2 2.3 0.3 1.4 14.4 11.8 6.2 5.3 





CEP 31G 4.0 3.1 10.2 1.5 4.0 6.6 5.4 5.3 5.0 2.6 
CEP 121G 5.6 2.4 6.2 0.0 3.0 4.1 4.9 5.1 3.9 2.0 
LANL2DZ 6.7 1.6 4.8 8.9 5.3 0.7 24.7 18.1 8.9 8.4 





CEP 31G 6.4 3.6 9.5 2.2 2.3 4.4 10.1 8.9 5.9 3.2 
CEP 121G 7.1 10.2 5.2 1.4 2.1 2.4 10.2 9.1 6.0 3.7 
LANL2DZ 2.5 1.9 0.2 2.0 4.6 7.1 9.5 6.8 4.3 3.2 




CEP 31G 1.9 0.4 14.2 10.0 11.1 10.0 23.2 8.3 9.9 7.1 
CEP 121G 3.3 0.5 0.8 6.5 9.3 13.0 23.2 4.6 7.6 7.6 
LANL2DZ 0.1 3.0 7.0 2.8 0.4 2.2 2.9 4.9 2.9 2.2 
SDDAll 1.2 2.7 3.8 10.4 14.6 13.7 33.4 9.8 11.2 10.3 








Carbon Nitrogen Oxygen Overall 




L CEP 121G 1.8 3.7 5.1 7.6 15.0 18.1 16.1 6.1 9.2 6.3 
LANL2DZ 0.5 0.3 2.6 1.2 5.4 6.0 0.7 10.8 3.4 3.7 




CEP 31G 0.7 0.3 7.2 6.5 0.9 5.1 16.7 8.0 5.7 5.4 
CEP 121G 1.8 1.2 2.4 8.3 1.8 2.3 17.1 7.8 5.3 5.5 
LANL2DZ 0.8 16.1 1.1 9.9 4.7 15.0 17.1 2.9 8.5 6.9 






 CEP 31G 3.2 1.3 7.2 9.8 4.5 4.7 25.0 17.0 9.1 8.1 
CEP 121G 1.7 2.2 3.1 11.5 5.1 2.7 24.6 17.2 8.5 8.5 
LANL2DZ 0.8 4.5 1.0 14.0 0.7 10.7 26.9 15.4 9.2 9.3 





CEP 31G 6.7 4.4 11.8 11.6 13.6 13.0 13.1 9.6 10.5 3.3 
CEP 121G 7.2 3.0 6.6 9.4 11.7 9.8 11.4 8.3 8.4 2.9 
LANL2DZ 4.5 0.6 1.7 3.6 6.8 7.6 3.7 3.7 4.0 2.3 




CEP 31G 1.6 3.7 3.5 3.8 9.8 19.4 2.8 7.4 6.5 5.9 
CEP 121G 2.3 6.3 3.3 0.0 6.4 9.3 1.5 4.6 4.2 3.0 
LANL2DZ 2.2 7.3 6.0 1.2 5.7 9.4 2.4 4.5 4.8 2.8 





 CEP 31G 6.0 3.1 11.3 10.7 10.4 10.0 10.9 7.7 8.8 2.9 
CEP 121G 4.8 2.3 5.2 8.5 9.8 8.0 11.0 7.5 7.1 2.9 
LANL2DZ 3.1 1.3 2.3 5.3 6.2 5.7 10.7 8.3 5.4 3.1 





Average 4.5 1.8 5.5 8.3 8.8 7.6 11.2 7.7 7.1   
Std Dev 6.3 4.4 8.9 4.6 4.7 6.0 8.7 4.7    
Q1 1.7 1.3 2.7 2.1 3.7 2.4 2.8 4.6    
Q2 3.2 3.0 5.0 6.3 5.7 7.1 11.4 7.4    
Q3 6.9 5.8 7.6 9.9 9.8 11.7 16.9 10.5    
Q4 37.0 22.9 57.9 14.2 21.1 22.1 33.4 18.1    
Median 3.2 3.0 5.0 6.4 5.7 7.1 10.8 7.3 6.5   
Max 37.0 22.9 57.9 14.2 21.1 22.1 33.4 18.1 18.4   




Figure A.1.2: Box and whisker plot showing percent absolute error as a function of bond type for the 
small molecule with respect to the G4 calculation data. The arithmetic mean is indicated with an X, 
the median depicted with a horizontal line, and the outliers are left as dots. An extreme outliers is not 
included in this box and whisker plot, the BLYP/SDDAll(d,p) predicted carbon-carbon triple bond 
enthalpy has an error versus experiment of 57.9%. 
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A.1.3 BDE Aggregate Data vis a vis W1u 
Table A.1.3: Percent absolute error of small molecule homolog calculated bond dissociation 
enthalpies in kcal/mol by functional and valence basis set with respect to reference values calculated 







Carbon Nitrogen Oxygen Overall 





CEP 31G 10.2 0.9 11.9 15.7 11.7 8.6 4.9 6.9 8.9 4.6 
CEP 121G 11.1 5.1 7.7 4.8 4.5 2.0 4.9 7.0 5.9 2.7 
LANL2DZ 6.8 0.4 2.5 3.7 2.8 1.2 19.2 16.2 6.6 7.1 





CEP 31G 37.8 23.2 26.1 15.00 15.11 12.4 14.6 8.4 19.1 9.5 
CEP 121G 13.5 10.3 11.3 13.49 14.14 9.7 14.4 8.2 11.9 2.3 
LANL2DZ 9.3 6.0 5.0 5.13 6.84 6.0 2.9 0.4 5.2 2.7 




CEP 31G 0.1 2.9 9.5 1.48 7.35 19.1 2.7 10.5 6.7 6.3 
CEP 121G 1.1 2.3 5.4 1.26 9.57 17.2 3.7 11.1 6.5 5.7 
LANL2DZ 3.3 0.9 3.8 2.62 5.06 9.1 1.1 4.1 3.7 2.6 




CEP 31G 16.2 10.5 17.1 15.68 11.70 8.6 3.5 0.8 10.5 6.0 
CEP 121G 17.2 9.8 13.0 14.35 11.00 6.2 3.5 0.6 9.5 5.6 
LANL2DZ 11.7 3.8 5.6 3.90 1.43 1.0 11.8 11.5 6.4 4.7 





CEP 31G 5.2 3.3 10.7 3.17 5.07 6.2 3.1 5.1 5.2 2.5 
CEP 121G 6.7 2.6 6.6 1.65 4.11 3.7 2.6 4.9 4.1 1.9 
LANL2DZ 7.8 1.9 5.3 7.11 4.13 1.1 22.0 17.8 8.4 7.6 





CEP 31G 7.5 3.9 9.9 3.88 3.39 4.0 7.7 8.6 6.1 2.6 
CEP 121G 8.3 10.5 5.7 3.04 3.22 2.0 7.8 8.8 6.2 3.1 
LANL2DZ 3.7 1.6 0.3 3.59 5.67 6.8 7.1 6.6 4.4 2.5 




CEP 31G 3.2 0.1 14.6 11.48 9.87 10.4 24.9 8.1 10.3 7.5 
CEP 121G 4.5 0.2 1.3 4.74 8.05 13.5 24.9 4.4 7.7 8.1 
LANL2DZ 1.1 3.3 7.4 4.45 0.75 1.8 5.0 5.1 3.6 2.3 
SDDAll 2.5 2.4 3.3 11.86 13.27 14.1 34.8 9.6 11.5 10.6 








Carbon Nitrogen Oxygen Overall 




L CEP 121G 0.5 3.4 5.6 9.10 13.73 18.6 14.6 6.3 9.0 6.2 
LANL2DZ 0.7 0.0 3.1 0.44 4.25 5.6 2.9 11.0 3.5 3.6 




CEP 31G 2.0 0.0 7.6 4.76 0.24 4.7 14.1 7.8 5.2 4.7 
CEP 121G 3.0 0.9 2.8 6.50 0.65 1.9 14.6 7.6 4.7 4.7 
LANL2DZ 2.1 15.7 1.6 8.04 5.78 14.7 14.5 2.7 8.1 6.1 






 CEP 31G 1.9 1.0 7.6 7.92 3.28 4.3 22.3 16.7 8.1 7.6 
CEP 121G 0.4 1.9 3.6 9.60 3.94 2.3 21.9 16.9 7.6 7.9 
LANL2DZ 0.5 4.2 1.5 12.06 0.45 10.4 24.1 15.1 8.5 8.4 





CEP 31G 7.9 4.7 12.2 13.09 14.54 12.7 15.0 9.9 11.2 3.5 
CEP 121G 8.3 3.3 7.1 10.90 12.75 9.4 13.3 8.5 9.2 3.2 
LANL2DZ 5.6 0.3 2.2 5.17 7.83 7.2 5.8 3.9 4.8 2.5 




CEP 31G 0.4 3.4 3.9 5.37 10.78 19.06 4.9 7.6 6.9 5.8 
CEP 121G 1.0 6.0 2.8 1.65 7.46 8.89 0.7 4.9 4.2 3.1 
LANL2DZ 0.9 7.0 5.4 0.53 6.76 9.02 0.2 4.8 4.3 3.4 





 CEP 31G 7.2 3.4 11.7 9.77 8.43 9.77 11.0 7.7 8.6 2.6 
CEP 121G 6.0 2.6 5.6 7.82 8.06 7.7 10.6 7.4 7.0 2.3 
LANL2DZ 4.3 1.0 2.7 5.01 3.87 5.5 9.7 8.3 5.1 2.8 





Average 5.7 1.8 5.7 7.5 7.0 7.4 11.0 7.7 7.2   
Std Dev 6.6 4.4 8.8 4.7 4.7 6.1 8.5 4.6    
Q1 1.3 1.1 3.0 3.2 3.7 2.2 3.5 4.7    
Q2 3.7 3.3 5.3 5.1 6.3 6.8 10.1 7.6    
Q3 8.1 5.7 8.1 10.6 10.3 11.4 15.9 10.7    
Q4 37.8 23.2 57.1 15.7 19.7 22.6 34.8 17.8    
Median 4.1 3.2 5.4 5.1 6.6 6.8 9.7 7.3 6.7   
Max 37.8 23.2 57.1 15.7 19.7 22.6 34.8 17.8 19.1   




Figure A.1.3: :Box and whisker plot showing percent absolute error as a function of bond type for 
the small molecule with respect to the uW1 calculation data. The arithmetic mean is indicated with 
an X, the median depicted with a horizontal line, and the outliers are left as dots. 
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A.2 Thermochemistry Calculations 
A.2.1 Calculated BDEs for WC Bonds, CC Bonds, and Comparison of Optimized Geometries 
Table A.2.1: Calculated bond dissociation enthalpies for tungsten-carbon bonds, carbon-carbon bonds, and comparison of optimized geometries to reference crystal structure by 






Churchill Complex Hydrocarbon Analog Chuchill Bond 
Lengths 
Churchill Bond 
Angles σ π 2nd π σ π 2nd π 











CEP 31G 54.6 39.7 34.1 35.0 41.0 42.3 79.2 61.8 77.2 80.1 23.8 27.2 0.8 1.5 0.9 4.1 
CEP 121G 53.1 39.7 34.0 33.2 41.9 43.9 78.4 63.5 78.9 79.4 31.6 34.8 0.8 1.5 0.9 4.1 
LANL2DZ 55.0 41.4 35.4 34.9 43.3 45.1 82.2 67.0 81.7 82.6 35.5 38.8 0.7 1.5 0.8 3.9 
SDDAll 53.5 39.9 34.6 34.1 42.8 44.1 79.7 64.6 81.4 82.1 34.2 37.2 1.2 1.7 0.5 3.8 
Average 54.0 40.2 34.5 34.3 42.3 43.9 79.9 64.3 79.8 81.1 31.3 34.5 0.9 1.6 0.8 4.0 





CEP 31G 52.7 38.5 32.7 33.0 37.7 38.0 54.9 39.3 77.1 78.2 19.1 22.3 1.2 1.7 0.9 4.1 
CEP 121G 51.1 37.2 32.7 32.8 38.5 38.3 76.3 61.0 77.8 78.8 27.3 31.9 1.2 1.7 0.9 4.1 
LANL2DZ 53.0 39.5 34.4 33.4 42.3 43.7 80.0 65.0 81.6 82.1 32.8 35.9 1.0 1.8 0.8 3.9 
SDDAll 51.5 37.3 33.4 33.7 39.1 39.4 77.6 61.5 80.5 82.2 29.3 32.4 1.6 2.0 0.9 4.3 
Average 52.1 38.1 33.3 33.2 39.4 39.8 72.2 56.7 79.2 80.3 27.1 30.6 1.3 1.8 0.9 4.1 




CEP 31G 64.7 50.0 32.6 34.1 38.5 36.8 88.3 72.9 75.0 76.8 21.8 23.3 0.6 1.3 0.6 3.7 
CEP 121G 63.9 49.7 31.3 31.7 39.7 38.4 87.2 73.3 75.1 75.3 31.2 32.4 0.6 1.3 0.6 3.7 
LANL2DZ 61.6 47.0 31.7 32.4 43.4 42.0 85.3 69.9 75.2 76.5 36.4 38.2 0.3 1.3 0.6 3.8 
SDDAll 63.5 49.1 31.2 31.7 41.6 40.2 86.3 70.8 76.9 78.3 34.6 36.1 0.9 1.5 1.1 3.8 
Average 63.4 48.9 31.7 32.5 40.8 39.4 86.8 71.7 75.5 76.7 31.0 32.5 0.6 1.4 0.7 3.7 
Std Dev 1.3 1.4 0.6 1.1 2.2 2.2 1.3 1.7 0.9 1.2 6.5 6.6 0.2 0.1 0.2 0.0 
 CEP 31G 51.5 36.6 35.0 36.8 36.6 37.0 73.9 56.6 79.9 83.9 15.7 18.0 2.0 2.3 1.0 4.2 







Churchill Complex Hydrocarbon Analog Chuchill Bond 
Lengths 
Churchill Bond 
Angles σ π 2nd π σ π 2nd π 










LANL2DZ 52.4 39.1 37.9 37.7 40.6 41.8 77.9 62.9 87.5 88.9 27.8 29.9 1.8 2.4 0.9 4.1 
SDDAll 50.3 36.7 34.8 34.8 39.1 39.8 74.6 59.9 84.5 86.1 162.4 164.2 2.4 2.5 1.0 4.4 
average 51.0 36.9 35.8 36.5 38.4 39.0 74.8 59.0 83.5 86.1 57.2 59.3 2.0 2.4 1.0 4.2 





CEP 31G 64.6 51.1 31.6 31.4 36.8 38.1 83.6 68.8 77.7 77.9 21.5 25.4 0.5 1.0 0.9 4.7 
CEP 121G 62.5 48.3 31.4 30.9 38.2 40.9 82.3 67.7 78.7 78.8 30.1 33.1 0.5 1.0 0.9 4.7 
LANL2DZ 62.4 48.6 31.3 31.5 41.3 42.2 81.3 66.3 78.2 78.8 34.3 38.7 0.4 1.0 0.9 4.7 
SDDAll 63.1 48.9 31.8 32.5 39.6 40.1 83.6 68.2 80.7 81.6 33.5 36.8 0.9 1.2 0.9 4.8 
Average 63.2 49.2 31.5 31.6 39.0 40.3 82.7 67.8 78.8 79.3 29.9 33.5 0.6 1.0 0.9 4.7 





CEP 31G 57.4 43.8 32.4 32.3 42.9 44.3 81.6 66.4 75.2 75.9 27.5 31.0 0.6 1.3 0.8 4.1 
CEP 121G 55.7 41.9 32.4 32.1 43.9 45.3 80.9 65.9 64.1 64.8 47.9 51.1 0.6 1.3 0.8 4.1 
LANL2DZ 57.9 44.1 34.3 34.0 46.2 47.9 84.9 70.1 80.8 81.3 38.3 41.5 0.4 1.3 0.8 3.9 
SDDAll 56.2 41.6 33.0 33.5 44.5 45.8 81.9 65.4 79.3 81.4 37.8 40.7 0.9 1.5 0.8 4.3 
Average 56.8 42.9 33.0 33.0 44.4 45.8 82.3 66.9 74.8 75.9 37.9 41.1 0.6 1.4 0.8 4.1 




CEP 31G 56.3 42.7 39.6 41.2 34.9 34.5 85.4 69.4 86.6 87.7 2.7 6.6 0.1 1.4 0.7 3.2 
CEP 121G 55.4 41.3 38.2 39.2 36.3 36.0 84.3 69.8 87.8 87.8 29.8 32.5 0.1 1.4 0.7 3.2 
LANL2DZ 55.8 40.9 35.1 36.8 35.7 34.1 87.2 72.5 79.0 79.6 23.2 25.7 -0.2 1.5 -0.2 3.3 
SDDAll 54.9 42.8 38.7 39.5 38.9 38.2 86.0 72.3 89.8 89.0 35.4 37.8 0.4 1.7 0.4 3.5 
Average 55.6 41.9 37.9 39.2 36.4 35.7 85.7 71.0 85.8 86.0 22.8 25.7 0.1 1.5 0.4 3.3 




L CEP 31G 61.4 48.3 45.5 46.2 31.5 32.1 89.4 74.2 89.5 90.4 7.5 10.7 0.8 1.5 0.6 4.0 
CEP 121G 61.0 47.3 44.0 44.8 32.2 32.1 88.7 73.6 88.9 89.7 15.6 18.0 0.8 1.5 0.6 4.0 







Churchill Complex Hydrocarbon Analog Chuchill Bond 
Lengths 
Churchill Bond 
Angles σ π 2nd π σ π 2nd π 







SDDAll 61.4 49.1 44.0 44.5 33.2 33.2 89.4 75.2 91.9 91.8 19.5 21.8 1.0 1.7 0.4 4.5 
Average 60.7 47.7 43.5 44.1 33.7 33.8 88.8 74.0 88.6 89.1 17.3 19.9 0.8 1.5 0.5 4.1 




CEP 31G 60.3 45.9 30.9 32.1 42.9 43.5 132.7 120.3 79.6 79.9 22.9 25.7 -0.3 1.1 0.7 4.1 
CEP 121G 58.0 43.8 31.1 31.2 44.1 44.4 132.0 119.4 81.6 81.2 31.6 33.9 -0.3 1.1 0.7 4.1 
LANL2DZ 58.5 44.0 29.8 30.9 47.7 48.0 138.4 126.0 78.4 78.7 36.5 39.3 -0.5 0.9 0.7 4.0 
SDDAll 59.1 44.7 32.5 33.8 43.6 44.0 133.7 120.9 84.8 84.7 0.0 33.7 0.1 0.9 0.8 4.2 
Average 59.0 44.6 31.1 32.0 44.6 45.0 134.2 121.6 81.1 81.1 22.8 33.2 -0.3 1.0 0.7 4.1 







CEP 31G 68.4 53.0 32.0 32.9 20.8 24.3 89.9 74.5 78.3 79.3 41.6 42.5 0.1 0.9 0.9 6.2 
CEP 121G 64.0 49.5 31.9 33.2 28.5 31.6 88.6 73.4 80.1 80.9 44.6 44.3 0.1 0.9 0.9 6.2 
LANL2DZ 65.4 53.3 28.9 30.8 37.5 40.4 87.8 72.4 76.3 77.2 49.6 49.2 -0.3 1.0 0.7 5.4 
SDDAll 61.5 48.4 32.1 32.4 32.0 34.6 85.6 71.1 83.8 84.0 44.5 44.7 0.6 1.2 0.8 5.8 
Average 64.8 51.1 31.2 32.3 29.7 32.7 88.0 72.8 79.6 80.3 45.1 45.2 0.1 1.0 0.8 5.9 





CEP 31G 60.1 46.4 33.6 33.7 46.8 47.1 81.3 66.4 75.0 27.3 0.0 0.0 1.2 1.8 0.9 4.2 
CEP 121G 59.3 45.6 33.6 33.6 47.8 48.0 80.9 66.1 77.5 35.4 0.0 0.0 1.2 1.8 0.9 4.2 
LANL2DZ 59.2 46.0 35.8 35.6 50.9 50.8 83.2 68.6 80.3 39.9 0.0 0.0 1.1 1.9 0.8 4.1 
SDDAll 58.3 44.7 34.2 34.2 48.3 48.9 81.5 66.5 80.0 36.9 0.0 0.0 1.6 2.0 0.8 4.1 
Average 59.2 45.7 34.3 34.3 48.5 48.7 81.7 66.9 78.2 34.9 0.0 0.0 1.3 1.8 0.8 4.2 




CEP 31G 98.9 87.2 11.5 10.1 71.1 73.3 88.5 74.1 71.5 71.6 36.5 41.1 0.9 1.5 0.7 4.6 
CEP 121G 99.5 87.9 11.6 10.5 72.8 74.6 89.1 74.8 75.4 75.6 45.8 49.8 0.9 1.5 0.7 4.6 
LANL2DZ 95.0 83.3 15.7 14.8 75.2 77.1 89.0 74.7 76.1 76.3 50.6 53.7 0.8 1.7 0.6 4.6 







Churchill Complex Hydrocarbon Analog Chuchill Bond 
Lengths 
Churchill Bond 
Angles σ π 2nd π σ π 2nd π 







Average 97.4 85.8 12.6 11.4 73.6 75.6 88.8 74.5 75.1 75.3 45.4 49.2 0.9 1.6 2.6 6.6 









s CEP 31G 62.6 48.6 32.6 33.2 40.1 40.9 85.7 70.4 78.5 75.8 20.1 22.8 0.7 1.4 0.8 4.3 
CEP 121G 61.1 47.3 32.3 32.5 41.8 42.6 86.8 72.1 79.0 76.1 29.9 32.2 0.7 1.4 0.8 4.3 
LANL2DZ 61.3 47.8 32.6 32.8 45.1 45.9 88.7 74.0 79.9 77.2 32.6 35.0 0.5 1.5 0.7 4.1 
SDDAll 60.8 47.3 32.7 32.9 43.2 43.8 87.4 72.6 82.6 79.7 40.0 44.8 1.1 1.6 1.4 5.0 
Average 61.4 47.7 32.5 32.9 42.6 43.3 87.2 72.3 80.0 77.2 30.6 33.7 0.7 1.5 0.9 4.4 




A.2.2 Calculated BDEs for WN Bonds, NN Bonds, and Comparison of Optimized Geometries 











Beaumier Nitrogen Complex Nitrogen Analog 
Dative σ π 2nd π σ π 2nd π 





CEP 31G -46.2 -35.8 -98.9 -86.1 -21.5 -23.1 -35.3 -35.5 -61.9 -50.1 -55.0 -56.9 -98.4 -100.1 
CEP-121g -45.6 -35.1 -102.3 -89.4 -23.3 -24.9 -35.7 -36.0 -68.4 -56.7 -58.6 -60.5 -101.1 -102.8 
LANL2DZ -49.3 -39.0 -100.9 -88.2 -21.0 -22.5 -43.8 -43.0 -63.9 -52.1 -58.0 -59.9 -107.9 -109.6 
SDDAll -45.3 -34.9 -99.1 -86.3 -21.6 -23.2 -34.5 -34.7 -62.8 -51.1 -55.2 -57.1 -102.9 -104.6 
Average -46.6 -36.2 -100.3 -87.5 -21.8 -23.4 -37.3 -37.3 -64.2 -52.5 -56.7 -58.6 -102.6 -104.3 





CEP 31G -46.8 -36.4 -95.1 -82.2 -15.5 -17.4 -27.7 -27.7 -56.1 -44.4 -48.8 -50.7 -92.6 -94.2 
CEP-121g -46.5 -36.0 -98.8 -85.8 -17.5 -19.2 -28.4 -28.5 -62.6 -50.9 -52.5 -54.4 -96.8 -98.5 
LANL2DZ -50.1 -39.7 -97.1 -84.3 -14.9 -16.5 -26.2 -26.7 -58.0 -46.2 -51.7 -53.6 -102.0 -102.5 
SDDAll -45.9 -35.6 -95.3 -82.5 -15.7 -17.5 -26.7 -26.9 -57.1 -45.3 -49.0 -50.9 -97.4 -99.1 
Average -47.3 -36.9 -96.6 -83.7 -15.9 -17.6 -27.3 -27.4 -58.5 -46.7 -50.5 -52.4 -97.2 -98.6 




CEP 31G -50.0 -39.8 -105.6 -93.3 -11.6 -13.0 -17.6 -17.9 -67.0 -55.2 -47.5 -49.4 -67.9 -69.6 
CEP-121g -49.0 -38.9 -105.4 -92.9 -13.4 -15.0 -25.3 -26.7 -67.7 -56.0 -49.6 -51.5 -87.6 -89.3 
LANL2DZ -52.6 -41.2 -106.1 -92.5 -11.5 -12.8 -12.2 -12.4 -65.5 -53.8 -50.2 -52.1 -65.9 -67.6 
SDDAll -49.0 -39.2 -105.3 -93.2 -10.1 -11.7 -17.3 -18.8 -66.8 -55.1 -44.9 -46.8 -74.8 -76.5 
Average -50.1 -39.8 -105.6 -92.9 -11.6 -13.1 -18.1 -18.9 -66.8 -55.0 -48.1 -50.0 -74.1 -75.8 
Std Dev 1.7 1.0 0.4 0.4 1.3 1.4 5.4 5.9 0.9 0.9 2.4 2.4 9.8 9.8 
B
LY
P CEP 31G -43.6 -33.2 -94.6 -81.8 -18.6 -20.3 -46.7 -45.6 -55.7 -43.9 -53.5 -55.4 -97.0 -98.7 
CEP-121g -43.1 -32.7 -98.8 -85.8 -21.3 -23.0 -48.1 -46.8 -63.4 -51.7 -58.4 -60.3 -101.3 -103.0 












Beaumier Nitrogen Complex Nitrogen Analog 
Dative σ π 2nd π σ π 2nd π 
ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG 
SDDAll -42.4 -32.1 -94.6 -81.9 -18.9 -20.6 -33.9 -34.1 -56.5 -44.8 -53.5 -55.3 -101.4 -103.1 
Average -44.1 -33.7 -96.2 -83.4 -19.2 -20.8 -43.4 -43.1 -58.4 -46.6 -55.5 -57.3 -101.6 -103.3 





CEP 31G -47.2 -36.8 -100.3 -87.5 -20.8 -22.4 -33.0 -33.3 -63.9 -52.1 -53.4 -55.6 -94.0 -95.5 
CEP-121g -46.6 -36.1 -103.8 -90.9 -23.2 -24.8 -34.8 -35.1 -70.7 -58.9 -58.0 -60.0 -99.1 -100.8 
LANL2DZ -50.6 -40.3 -102.3 -89.6 -20.1 -21.6 -31.5 -33.1 -65.8 -54.0 -56.0 -58.1 -103.9 -105.4 
SDDAll -46.2 -35.9 -100.5 -87.8 -21.0 -22.6 -32.2 -32.5 -64.9 -53.1 -53.6 -55.5 -98.5 -100.2 
Average -47.7 -37.3 -101.7 -88.9 -21.3 -22.9 -32.9 -33.5 -66.3 -54.5 -55.3 -57.3 -98.9 -100.4 





CEP 31G -47.1 -36.8 -102.5 -89.7 -19.0 -20.8 -32.5 -32.6 -63.4 -51.7 -56.0 -57.9 -97.0 -98.6 
CEP-121g -45.9 -35.5 -101.8 -88.8 -17.9 -19.6 -30.2 -30.1 -63.6 -51.9 -53.0 -54.8 -93.6 -95.3 
LANL2DZ -50.6 -40.3 -104.9 -92.2 -17.8 -19.4 -31.0 -31.5 -65.4 -53.8 -57.5 -59.2 -105.7 -107.4 
SDDAll -46.1 -35.9 -102.4 -89.2 -18.9 -21.2 -49.9 -49.7 -64.0 -52.3 -55.6 -57.5 -101.2 -102.9 
Average -47.4 -37.1 -102.9 -90.0 -18.4 -20.2 -35.9 -36.0 -64.1 -52.4 -55.5 -57.4 -99.3 -101.1 




CEP 31G -47.3 -37.2 -98.2 -85.8 -28.3 -29.3 -36.7 -37.6 -58.4 -46.6 -77.4 -79.3 -113.1 -114.8 
CEP-121g -46.1 -35.6 -100.3 -87.7 -18.4 -19.4 -28.1 -29.2 -63.1 -51.3 -59.6 -61.4 -98.6 -100.4 
LANL2DZ -47.3 -37.2 -98.2 -85.8 -28.3 -29.3 -36.7 -37.6 -58.4 -46.6 -77.4 -79.3 -113.1 -114.8 
SDDAll -46.5 -37.0 -103.6 -86.8 -21.9 -28.0 -38.2 -39.0 -69.1 -47.2 -64.4 -76.5 -122.2 -123.9 
average -46.8 -36.8 -100.1 -86.5 -24.2 -26.5 -34.9 -35.9 -62.3 -47.9 -69.7 -74.1 -111.8 -113.5 




L CEP 31G -48.5 -38.0 -96.6 -83.6 -31.0 -36.5 -41.6 -37.3 -59.8 -48.1 -72.6 -87.0 -132.8 -122.0 
CEP-121g -50.1 -39.5 -102.5 -89.5 -27.0 -26.7 -15.9 -18.2 -65.7 -53.9 -63.1 -65.0 -83.9 -85.6 












Beaumier Nitrogen Complex Nitrogen Analog 
Dative σ π 2nd π σ π 2nd π 
ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG 
SDDAll -47.7 -37.2 -96.4 -83.4 -35.2 -35.2 -39.3 -41.3 -60.0 -48.3 -80.6 -82.4 -126.7 -128.4 
Average -49.2 -38.7 -98.2 -85.3 -32.7 -34.4 -33.9 -33.8 -61.1 -49.4 -76.3 -81.2 -117.9 -116.6 




CEP 31G -46.2 -35.9 -105.7 -93.2 -18.8 -20.3 -34.5 -35.1 -69.1 -57.4 -54.2 -56.1 -91.5 -93.2 
CEP-121g -45.6 -35.3 -107.0 -94.3 -14.9 -16.3 -25.5 -26.0 -71.3 -59.5 -45.1 -47.1 -75.9 -77.6 
LANL2DZ -49.7 -39.5 -108.0 -95.6 -18.9 -20.1 -31.8 -32.5 -72.3 -60.5 -58.2 -60.1 -100.1 -101.8 
SDDAll -44.9 -34.9 -105.7 -93.4 -19.0 -20.4 -33.6 -34.2 -70.3 -58.6 -54.1 -56.0 -96.7 -98.4 
Average -46.6 -36.4 -106.6 -94.1 -17.9 -19.3 -31.3 -31.9 -70.8 -59.0 -52.9 -54.8 -91.0 -92.7 







CEP 31G -37.7 -27.4 -104.7 -91.4 -23.0 -24.8 -36.2 -36.6 -71.2 -59.5 -56.4 -58.3 -88.0 -89.7 
CEP-121g -40.1 -29.6 -108.4 -95.5 -17.4 -18.7 -29.0 -29.4 -74.0 -62.1 -49.1 -51.0 -78.9 -80.6 
LANL2DZ -38.9 -29.1 -103.4 -91.3 -22.2 -23.2 -33.8 -34.4 -69.0 -57.3 -59.6 -61.5 -100.6 -102.3 
SDDAll -37.0 -26.7 -105.3 -92.5 -24.1 -25.5 -35.0 -35.4 -72.3 -60.6 -56.1 -58.0 -91.7 -93.4 
Average -38.4 -28.2 -105.4 -92.7 -21.7 -23.0 -33.5 -34.0 -71.6 -59.9 -55.3 -57.2 -89.8 -91.5 





CEP 31G -48.6 -38.2 -99.6 -87.0 -14.9 -16.6 -33.2 -33.3 -57.4 -45.6 -48.3 -50.2 -91.2 -92.9 
CEP-121g -47.8 -37.4 -102.2 -89.4 -18.0 -19.8 -48.2 -49.0 -62.6 -50.8 -51.3 -53.2 -95.3 -97.0 
LANL2DZ -51.8 -41.4 -101.6 -89.0 -14.6 -16.1 -31.9 -32.3 -58.9 -47.2 -51.2 -53.1 -100.0 -101.6 
SDDAll -48.1 -37.8 -100.4 -87.5 -15.3 -17.4 -32.7 -32.9 -58.8 -47.1 -49.0 -50.9 -96.3 -97.9 
Average -49.1 -38.7 -101.0 -88.2 -15.7 -17.5 -36.5 -36.9 -59.4 -47.7 -50.0 -51.9 -95.7 -97.3 
Std Dev 1.9 1.8 1.2 1.2 1.6 1.6 7.8 8.1 2.2 2.2 1.5 1.5 3.6 3.6 
M
P2
 CEP 31G -54.6 -44.4 -137.8 -126.2 11.6 10.6 -44.9 -45.0 -62.5 -50.7 -47.8 -49.7 -86.0 -87.7 
LANL2DZ -53.0 -42.9 -137.1 -125.5 5.4 4.6 -43.4 -43.5 -65.7 -53.9 -49.6 -51.5 -89.8 -91.5 












Beaumier Nitrogen Complex Nitrogen Analog 
Dative σ π 2nd π σ π 2nd π 
ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG 
CEP-121g -54.8 -44.7 -139.3 -128.0 10.4 9.7 -44.5 -44.8 -64.9 -54.0 -49.5 -50.6 -91.0 -92.6 
Average -54.9 -44.7 -138.0 -126.5 9.4 8.6 -44.2 -44.4 -64.2 -52.7 -49.5 -51.2 -90.1 -91.8 









s CEP 31G -47.0 -36.7 -103.3 -90.6 -17.6 -19.5 -35.0 -34.8 -62.2 -50.5 -55.9 -58.9 -95.8 -96.4 
CEP-121g -46.6 -36.2 -105.7 -93.0 -17.2 -18.6 -32.7 -33.2 -66.6 -54.8 -54.0 -55.9 -91.8 -93.5 
LANL2DZ -49.7 -39.3 -104.6 -92.0 -17.9 -19.2 -33.9 -34.3 -63.2 -51.4 -59.7 -61.5 -102.3 -103.9 
SDDAll -46.2 -36.0 -104.0 -91.0 -17.6 -19.5 -34.8 -35.4 -64.0 -51.4 -55.5 -58.1 -100.1 -101.8 
Average -47.4 -37.0 -104.4 -91.7 -17.6 -19.2 -34.1 -34.4 -64.0 -52.0 -56.3 -58.6 -97.5 -98.9 




A.2.3 Calculated BDEs for WO Bonds, OO Bonds, and Comparison of Optimized Geometries 
Table A.2.3-1: Calculated bond dissociation enthalpies in kcal/mol for tungsten-oxygen bonds and oxygen-oxygen bonds by functional and valence basis set for both the Cotton model 






Cotton Complex - Trans THF Cotton Complex - Trans H2O Oxygen Analogs 
Dative Bond σ π Dative Bond σ π Peroxide O2 





CEP 31G -9.0 3.5 -94.3 -82.4 -60.5 -61.3 -12.7 -1.6 -93.4 -81.7 -69.7 -70.7 -52.5 -43.8 -74.6 -76.3 
CEP 121G -8.0 2.8 -94.8 -82.8 -60.0 -60.9 -13.0 -2.0 -93.8 -82.0 -69.1 -70.2 -52.5 -43.8 -74.7 -76.4 
LANL2DZ -8.5 2.4 -100.3 -89.4 -65.3 -67.9 -13.0 -2.0 -98.3 -86.5 -74.4 -75.6 -59.7 -50.9 -78.5 -80.2 
SDDAll -8.0 3.9 -94.2 -82.2 -59.6 -60.9 -10.1 0.7 -92.8 -81.2 -68.8 -70.0 -50.3 -41.5 -74.1 -75.8 
Average -8.4 3.1 -95.9 -84.2 -61.4 -62.7 -12.2 -1.2 -94.6 -82.9 -70.5 -71.6 -53.8 -45.0 -75.5 -77.2 





CEP 31G -10.0 2.3 -85.1 -72.6 -48.8 -50.4 -12.6 -1.7 -83.9 -72.0 -59.1 -60.0 -42.8 -34.0 -66.1 -67.8 
CEP 121G -9.4 2.9 -85.6 -73.5 -48.4 -49.9 -12.9 -2.0 -84.5 -72.4 -58.6 -59.7 -42.9 -34.1 -66.3 -67.9 
LANL2DZ -9.3 2.6 -91.2 -78.7 -54.1 -55.8 -12.8 -1.8 -89.1 -77.2 -64.0 -65.1 -48.7 -39.9 -69.8 -71.5 
SDDAll -8.9 2.7 -85.3 -73.3 -47.6 -49.0 -10.1 0.6 -83.7 -72.0 -58.1 -59.0 -40.5 -31.7 -65.4 -67.1 
Average -9.4 2.6 -86.8 -74.6 -49.7 -51.3 -12.1 -1.2 -85.3 -73.4 -59.9 -61.0 -43.7 -34.9 -66.9 -68.6 




CEP 31G -17.1 -3.4 -94.6 -82.9 -46.3 -46.9 -16.7 -5.4 -93.4 -81.4 -56.0 -57.1 -48.7 -39.9 -57.7 -59.5 
CEP 121G -16.8 -2.7 -94.8 -82.8 -45.6 -45.9 -17.2 -6.0 -93.8 -81.8 -55.4 -56.6 -48.2 -39.4 -57.5 -59.3 
LANL2DZ -16.4 -3.1 -96.6 -84.1 -52.2 -53.5 -16.9 -5.7 -95.0 -83.2 -61.5 -62.5 -50.7 -41.8 -63.4 -65.1 
SDDAll -16.1 -2.7 -93.3 -80.9 -48.0 -46.9 -14.5 -3.3 -91.6 -79.5 -57.0 -58.3 -41.7 -32.8 -58.9 -60.6 
Average -16.6 -3.0 -94.8 -82.7 -48.0 -48.3 -16.3 -5.1 -93.5 -81.5 -57.5 -58.6 -47.3 -38.5 -59.4 -61.1 
Std Dev 0.5 0.3 1.3 1.3 3.0 3.5 1.2 1.2 1.4 1.5 2.8 2.7 3.9 3.9 2.7 2.7 
B
LY
P CEP 31G -8.5 3.5 -90.4 -78.5 -59.3 -60.6 -11.4 -0.5 -89.2 -77.5 -68.4 -69.4 -48.4 -39.6 -71.5 -73.1 
CEP 121G -8.0 3.6 -90.8 -79.2 -58.8 -60.3 -11.7 -0.9 -89.5 -77.8 -67.6 -68.7 -48.3 -39.6 -71.3 -72.9 







Cotton Complex - Trans THF Cotton Complex - Trans H2O Oxygen Analogs 
Dative Bond σ π Dative Bond σ π Peroxide O2 
ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG 
SDDAll -10.2 0.1 -92.0 -81.4 -57.9 -59.4 -8.2 2.4 -87.5 -75.8 -67.2 -68.5 -45.5 -36.7 -69.8 -71.4 
Average -8.7 2.6 -92.6 -81.1 -60.4 -61.9 -10.8 0.0 -90.3 -78.6 -69.3 -70.5 -49.5 -40.8 -72.3 -73.9 





CEP 31G -17.6 -4.6 -94.9 -83.8 -56.9 -57.8 -14.5 -3.4 -94.0 -82.1 -67.1 -67.9 -51.6 -42.9 -73.3 -75.0 
CEP 121G -17.2 -3.5 -95.3 -83.9 -56.4 -57.6 -14.8 -3.7 -94.3 -82.3 -66.5 -67.5 -51.4 -42.6 -73.3 -74.9 
LANL2DZ -17.1 -4.0 -96.3 -84.5 -58.3 -59.6 -14.5 -3.4 -94.3 -82.0 -68.2 -69.5 -53.7 -44.9 -73.0 -74.7 
SDDAll -16.5 -3.5 -95.6 -83.6 -55.5 -56.6 -11.9 -0.9 -94.0 -81.9 -65.6 -66.5 -49.3 -40.5 -71.9 -73.5 
Average -17.1 -3.9 -95.5 -83.9 -56.8 -57.9 -13.9 -2.9 -94.1 -82.1 -66.8 -67.9 -51.5 -42.7 -72.9 -74.5 





CEP 31G -11.3 0.8 -96.2 -84.9 -60.1 -60.6 -14.5 -3.4 -95.3 -83.5 -68.9 -69.9 -54.0 -45.2 -75.2 -76.9 
CEP 121G -10.8 1.3 -96.8 -84.9 -59.7 -60.4 -14.8 -3.7 -95.7 -83.9 -68.3 -69.5 -54.0 -45.2 -75.3 -77.0 
LANL2DZ -10.8 1.0 -101.9 -90.1 -65.8 -66.8 -14.8 -3.7 -99.8 -88.1 -73.9 -75.1 -61.1 -52.3 -78.9 -80.7 
SDDAll -10.6 1.6 -95.6 -83.5 -58.8 0.0 -11.7 -0.9 -94.0 -82.4 -67.6 0.0 -51.0 -42.2 -74.2 -75.9 
Average -10.9 1.2 -97.6 -85.9 -61.1 -47.0 -13.9 -2.9 -96.2 -84.5 -69.7 -53.6 -55.0 -46.2 -75.9 -77.6 




CEP 31G -15.6 -2.4 -90.1 -78.8 -62.3 -60.9 -17.9 -6.5 -89.6 -78.0 -69.7 -70.6 -37.6 -28.8 -90.8 -92.5 
CEP 121G -15.5 -0.7 -91.2 -79.8 -58.8 -59.3 -18.3 -6.7 -90.9 -79.2 -66.8 -67.7 -37.6 -28.8 -86.5 -88.2 
LANL2DZ -15.6 -2.4 -98.2 -86.6 -54.2 -53.2 -17.7 -6.1 -96.9 -85.1 -61.6 -62.8 -47.6 -38.7 -65.2 -66.9 
SDDAll -14.2 -1.1 -90.6 -78.6 -63.6 -63.1 -16.3 -4.8 -89.3 -77.8 -71.8 -72.6 -32.6 -23.8 -97.6 -99.3 
Average -15.2 -1.7 -92.5 -80.9 -59.7 -59.1 -17.5 -6.0 -91.7 -80.0 -67.5 -68.4 -38.9 -30.0 -85.0 -86.7 





CEP 31G -20.6 -6.6 -87.3 -75.6 -66.1 -75.4 -18.3 -7.2 -87.4 -75.7 -70.3 -82.5 -42.7 -33.9 -74.1 -97.5 
CEP 121G -20.2 -6.2 -88.2 -76.5 -62.9 -61.3 -18.7 -7.5 -88.3 -76.6 -67.0 -68.3 -42.8 -34.0 -68.6 -70.3 
LANL2DZ -19.5 -5.7 -100.1 -88.3 -60.4 -59.8 -18.9 -7.6 -98.2 -86.6 -65.1 -66.3 -48.7 -39.8 -57.1 -58.9 







Cotton Complex - Trans THF Cotton Complex - Trans H2O Oxygen Analogs 
Dative Bond σ π Dative Bond σ π Peroxide O2 
ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG 
Average -19.9 -6.0 -91.1 -79.4 -64.3 -65.8 -18.1 -6.9 -90.5 -78.8 -68.7 -72.7 -43.0 -34.2 -69.9 -77.0 




CEP 31G -9.3 4.3 -98.5 -85.0 -60.9 -62.5 -13.5 -2.3 -97.4 -85.9 -71.4 -72.2 -57.2 -48.4 -71.0 -72.6 
CEP 121G -8.3 6.5 -98.6 -85.3 -60.2 -61.7 -13.6 -2.3 -97.5 -85.8 -70.5 -71.4 -57.4 -48.7 -70.5 -72.1 
LANL2DZ -8.5 4.2 -103.1 -90.5 -58.6 -59.9 -14.1 -2.9 -100.6 -88.2 -68.7 -70.4 -57.4 -48.6 -64.7 -66.4 
SDDAll -8.3 4.4 -97.6 -84.9 -60.6 -60.5 -10.1 1.0 -96.4 -85.0 -70.8 -71.4 -55.2 -46.4 -70.9 -72.6 
Average -8.6 4.8 -99.5 -86.4 -60.1 -61.1 -12.8 -1.6 -98.0 -86.2 -70.4 -71.3 -56.8 -48.0 -69.3 -70.9 







CEP 31G -10.7 0.3 -96.4 -84.8 -78.6 -80.4 -8.4 2.2 -96.9 -84.2 -78.6 -80.1 -61.3 -52.4 -77.5 -79.3 
CEP 121G -10.3 0.7 -96.7 -84.0 -78.8 -81.8 -8.2 2.3 -96.8 -84.0 -79.0 -80.9 -61.1 -52.2 -77.9 -79.6 
LANL2DZ -4.4 7.9 -95.6 -82.9 -79.8 -80.9 -8.9 1.8 -101.4 -88.0 -79.2 -81.6 -62.2 -53.3 -74.7 -76.4 
SDDAll -4.1 7.8 -88.5 -62.0 -76.5 -78.3 -6.5 4.2 -94.0 -62.7 -75.5 -77.3 -55.2 -46.3 -78.0 -79.7 
Average -7.4 4.2 -94.3 -78.4 -78.4 -80.4 -8.0 2.6 -97.3 -79.7 -78.1 -80.0 -59.9 -51.1 -77.0 -78.8 





CEP 31G -15.3 -2.3 -90.5 -78.7 -53.9 -54.4 -15.1 -4.0 -89.5 -77.7 -64.0 -65.0 -42.6 -33.8 -64.6 -66.3 
CEP 121G -15.0 -1.9 -92.0 -80.4 -54.0 -54.5 -15.6 -4.5 -91.0 -79.1 -64.2 -65.2 -43.4 -34.7 -65.3 -67.0 
LANL2DZ -14.1 -1.7 -96.0 -84.1 -58.0 -58.6 -14.8 -3.8 -93.9 -82.1 -68.1 -69.2 -47.2 -38.4 -67.0 -68.7 
SDDAll -13.6 -1.3 -92.2 -80.3 -53.5 -54.4 -12.7 -1.8 -90.6 -78.9 -64.0 -65.0 -41.4 -32.6 -64.5 -66.1 
Average -14.5 -1.8 -92.7 -80.9 -54.9 -55.5 -14.6 -3.5 -91.3 -79.5 -65.1 -66.1 -43.6 -34.9 -65.4 -67.0 




CEP 31G -23.7 -10.4 -108.1 -96.8 -64.5 -63.8 -18.5 -7.3 -107.3 -95.7 -73.8 -74.6 -47.6 -38.9 -62.2 -63.9 
CEP 121G -24.3 -10.8 -110.9 -99.8 -65.8 -64.9 -19.7 -8.4 -110.1 -98.5 -75.1 -75.9 -49.7 -41.0 -63.4 -65.1 
LANL2DZ -21.7 -8.8 -111.3 -100.0 -67.7 -67.1 -17.5 -6.4 -109.6 -97.8 -77.0 -78.1 -50.2 -41.4 -63.0 -64.7 
SDDAll -20.2 -7.5 -110.0 -98.7 -65.8 -65.6 -15.9 -5.0 -108.7 -97.2 -75.8 -76.6 -48.0 -39.2 -63.2 -64.9 







Cotton Complex - Trans THF Cotton Complex - Trans H2O Oxygen Analogs 
Dative Bond σ π Dative Bond σ π Peroxide O2 
ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG 










CEP 31G -13.0 -0.2 -92.8 -80.9 -60.0 -61.7 -14.1 -3.0 -92.1 -80.2 -67.9 -70.0 -49.7 -40.9 -73.2 -77.0 
CEP 121G -12.5 0.5 -93.3 -81.3 -59.0 -59.9 -14.3 -3.2 -92.5 -80.6 -66.9 -68.1 -49.6 -40.9 -72.2 -73.9 
LANL2DZ -11.8 0.6 -98.1 -86.1 -61.5 -62.5 -14.3 -3.3 -96.8 -84.8 -69.1 -70.4 -54.6 -45.7 -70.2 -71.9 
SDDAll -11.6 0.8 -92.2 -78.8 -59.6 -54.1 -11.6 -0.6 -91.1 -77.5 -67.5 -61.7 -45.9 -37.1 -74.0 -75.7 
Average -12.2 0.4 -94.1 -81.8 -60.0 -59.5 -13.6 -2.5 -93.1 -80.8 -67.8 -67.6 -49.9 -41.1 -72.4 -74.6 
Std Dev 5.0 4.5 6.1 6.9 8.0 12.1 3.2 3.0 6.1 6.7 6.0 11.9 6.9 6.9 8.2 8.9 
 









OHtransOH OHtransOxo OHtransTHF OHtransOH OHtransOxo OHtransTHF 





CEP 31G -2.1 10.2 -76.0 -64.6 -76.5 -65.5 -87.7 -75.8 -71.9 -72.3 -71.4 -71.4 -60.1 -61.2 
CEP 121G -0.9 9.7 -76.6 -65.5 -77.1 -66.4 -88.1 -76.6 -71.0 -71.3 -70.6 -70.4 -59.6 -60.2 
LANL2DZ -1.0 10.8 -82.5 -71.2 -83.0 -71.9 -89.6 -76.1 -75.5 -77.7 -75.1 -77.0 -68.5 -72.8 
SDDAll -1.0 10.7 -75.6 -64.8 -76.7 -65.7 -86.8 -75.3 -71.2 -71.5 -70.1 -70.5 -60.0 -61.0 
Average -1.2 10.4 -77.7 -66.5 -78.3 -67.4 -88.0 -75.9 -72.4 -73.2 -71.8 -72.3 -62.1 -63.8 





CEP 31G -2.5 9.4 -64.1 -53.1 -64.8 -54.2 -77.9 -65.9 -62.3 -62.7 -61.6 -61.7 -48.5 -50.0 
CEP 121G -4.3 8.7 -67.3 -55.7 -68.0 -56.6 -80.8 -68.0 -61.5 -62.0 -60.8 -61.0 -48.1 -49.6 
LANL2DZ -1.4 10.1 -70.8 -60.1 -71.6 -60.8 -83.2 -71.9 -66.5 -67.0 -65.8 -66.3 -54.2 -55.1 
SDDAll -3.4 8.5 -66.1 -55.0 -67.5 -55.9 -79.4 -67.0 -61.4 -61.5 -60.0 -70.5 -48.0 -49.5 
Average -2.9 9.2 -67.1 -56.0 -68.0 -56.9 -80.3 -68.2 -62.9 -63.3 -62.0 -64.9 -49.7 -51.1 









OHtransOH OHtransOxo OHtransTHF OHtransOH OHtransOxo OHtransTHF 




CEP 31G -9.1 4.8 -74.0 -62.1 -73.9 -62.6 -86.9 -74.1 -58.9 -59.5 -59.0 -58.9 -46.0 -47.4 
CEP 121G -10.2 1.3 -76.1 -66.7 -75.9 -66.9 -88.5 -78.2 -57.8 -58.0 -57.9 -57.8 -45.4 -46.6 
LANL2DZ -8.2 5.4 -76.5 -64.5 -76.7 -65.4 -88.3 -75.5 -64.1 -64.7 -63.9 -63.8 -52.3 -53.7 
SDDAll -8.0 5.1 -72.4 -60.6 -72.9 -62.0 -85.0 -72.7 -60.9 -59.3 -60.3 -58.0 -48.3 -47.3 
Average -8.9 4.1 -74.8 -63.5 -74.9 -64.2 -87.2 -75.1 -60.4 -60.4 -60.3 -59.6 -48.0 -48.7 




CEP 31G -1.3 10.5 -71.9 -61.1 -72.5 -61.6 -83.6 -72.0 -70.5 -71.0 -70.0 -70.4 -58.8 -60.0 
CEP 121G -2.6 10.0 -74.9 -63.2 -75.4 -63.6 -86.1 -74.0 -69.4 -69.9 -68.9 -69.5 -58.2 -59.1 
LANL2DZ -0.4 11.0 -79.9 -69.0 -80.2 -69.5 -85.7 -73.4 -75.5 -75.6 -75.1 -75.1 -69.6 -71.2 
SDDAll -2.5 9.8 -72.8 -61.4 -72.8 -61.3 -80.7 -66.6 -69.4 -69.7 -69.4 -69.8 -61.5 -64.5 
Average -1.7 10.3 -74.9 -63.7 -75.2 -64.0 -84.1 -71.5 -71.2 -71.5 -70.8 -71.2 -62.0 -63.7 





CEP 31G -10.6 3.3 -76.7 -64.4 -75.8 -64.2 -88.5 -75.7 -68.1 -69.2 -68.9 -69.4 -56.2 -57.9 
CEP 121G -10.0 4.2 -77.5 -65.3 -76.5 -65.0 -88.9 -76.4 -67.1 -68.6 -68.1 -68.9 -55.6 -57.5 
LANL2DZ -9.7 4.0 -78.7 -66.1 -77.9 -66.2 -88.8 -76.1 -68.5 -70.0 -69.3 -69.8 -58.4 -59.9 
SDDAll -9.3 4.2 -76.8 -64.3 -76.4 -64.8 -88.4 -75.7 -67.0 -68.3 -67.4 -67.8 -55.4 -56.9 
Average -9.9 3.9 -77.4 -65.0 -76.6 -65.1 -88.7 -76.0 -67.7 -69.0 -68.4 -69.0 -56.4 -58.0 





CEP 31G -4.1 8.6 -77.9 -66.1 -78.3 -67.1 -89.7 -77.4 -71.2 -71.7 -70.9 -70.7 -59.4 -60.4 
CEP 121G -3.4 9.0 -78.7 -67.3 -79.0 -68.1 -90.0 -78.1 -70.3 -70.4 -70.0 -69.6 -59.0 -59.6 
LANL2DZ -3.0 9.4 -84.3 -72.3 -84.6 -73.0 -91.4 -78.4 -75.6 -76.3 -75.3 -75.6 -68.6 -70.2 
SDDAll -3.2 8.8 -76.9 -65.8 -77.9 -66.9 -88.1 -76.0 -70.1 -70.3 -69.1 -69.2 -58.9 -60.0 
Average -3.4 8.9 -79.5 -67.9 -79.9 -68.8 -89.8 -77.5 -71.8 -72.2 -71.3 -71.3 -61.5 -62.6 









OHtransOH OHtransOxo OHtransTHF OHtransOH OHtransOxo OHtransTHF 




CEP 31G -9.4 4.3 -72.4 -60.1 -72.4 -60.6 -84.6 -72.2 -73.7 -72.9 -73.7 -72.4 -61.5 -60.9 
CEP 121G -9.2 5.6 -73.6 -61.0 -73.6 -61.8 -86.0 -73.9 -70.0 -71.9 -69.9 -71.1 -57.6 -59.0 
LANL2DZ -9.0 4.6 -80.4 -67.6 -80.8 -69.1 -91.9 -79.3 -65.4 -65.1 -65.0 -63.7 -53.9 -53.5 
SDDAll -7.7 5.3 -71.9 -58.6 -72.5 -61.1 -84.5 -71.8 -75.7 -76.7 -75.1 -74.2 -63.1 -63.5 
Average -8.8 5.0 -74.6 -61.8 -74.9 -63.1 -86.7 -74.3 -71.2 -71.7 -70.9 -70.3 -59.0 -59.2 





CEP 31G -14.8 -0.7 -73.1 -60.6 -72.5 -60.0 -82.8 -70.5 -74.5 -84.5 -75.2 -85.1 -64.9 -74.7 
CEP 121G -14.4 -0.3 -74.1 -60.7 -73.5 -61.5 -83.7 -71.3 -71.2 -71.2 -71.8 -70.4 -61.6 -60.6 
LANL2DZ -12.8 1.4 -84.6 -72.0 -84.6 -72.2 -93.3 -81.1 -69.2 -69.0 -69.2 -68.8 -60.5 -59.9 
SDDAll -13.4 0.6 -73.4 -61.0 -73.1 -61.2 -83.2 -71.2 -77.0 -76.6 -77.3 -76.4 -67.2 -66.3 
Average -13.9 0.3 -76.3 -63.6 -75.9 -63.7 -85.7 -73.5 -73.0 -75.3 -73.3 -75.2 -63.5 -65.4 




CEP 31G -2.9 8.9 -78.8 -67.8 -79.7 -70.3 -92.0 -80.7 -74.2 -75.0 -73.3 -72.6 -61.0 -62.1 
CEP 121G -2.9 11.1 -80.3 -68.8 -81.4 -71.0 -93.1 -81.3 -73.1 -73.7 -72.0 -71.4 -60.3 -61.1 
LANL2DZ -3.9 8.8 -86.5 -73.8 -87.5 -76.5 -95.1 -81.2 -70.5 -72.0 -69.4 -69.3 -61.9 -64.6 
SDDAll -3.8 8.4 -80.0 -68.9 -80.9 -69.2 -92.5 -80.2 -73.7 -72.4 -72.9 -72.1 -61.2 -61.1 
Average -3.4 9.3 -81.4 -69.8 -82.4 -71.7 -93.2 -80.9 -72.9 -73.3 -71.9 -71.4 -61.1 -62.2 







CEP 31G 4.1 16.7 -80.2 -68.7 -80.2 -68.9 -90.9 -78.5 -80.0 -80.1 -79.9 -79.8 -69.2 -70.3 
CEP 121G 4.4 17.3 -81.9 -70.6 -82.1 -70.7 -92.4 -79.9 -78.9 -78.7 -78.7 -78.6 -68.4 -69.4 
LANL2DZ 4.9 17.4 -85.8 -73.1 -86.0 -74.6 -95.9 -83.5 -80.3 -81.3 -80.1 -79.7 -70.3 -70.8 
SDDAll 4.5 16.0 -78.8 -67.8 -79.9 -68.6 -90.0 -79.0 -77.6 -77.5 -76.5 -76.7 -66.4 -66.3 
Average 4.5 16.8 -81.7 -70.1 -82.0 -70.7 -92.3 -80.2 -79.2 -79.4 -78.8 -78.7 -68.6 -69.2 









OHtransOH OHtransOxo OHtransTHF OHtransOH OHtransOxo OHtransTHF 





CEP 31G -8.1 4.7 -70.2 -58.3 -70.6 -59.3 -84.1 -71.3 -67.1 -67.8 -66.7 -66.7 -53.2 -54.7 
CEP 121G -7.8 5.2 -71.9 -60.2 -72.3 -61.1 -85.4 -72.3 -66.9 -67.6 -66.5 -66.6 -53.4 -55.5 
LANL2DZ -6.4 6.0 -75.7 -63.9 -76.4 -65.0 -88.3 -75.6 -70.5 -71.1 -69.9 -70.0 -58.0 -59.4 
SDDAll -6.3 5.9 -71.4 -60.2 -72.6 -61.6 -84.7 -72.2 -67.0 -67.3 -65.8 -65.9 -53.7 -55.2 
Average -7.1 5.4 -72.3 -60.6 -73.0 -61.8 -85.6 -72.8 -67.9 -68.4 -67.2 -67.3 -54.6 -56.2 




CEP 31G -16.4 -3.0 -87.9 -76.0 -88.0 -76.8 -102.3 -89.2 -77.3 -77.2 -77.2 -76.4 -63.0 -64.1 
CEP 121G -16.9 -3.5 -91.1 -79.2 -91.0 -79.9 -103.9 -92.3 -78.2 -78.2 -78.4 -77.5 -65.4 -65.1 
LANL2DZ -13.8 -0.7 -91.3 -79.3 -91.7 -80.3 -104.1 -91.4 -79.8 -79.7 -79.4 -78.7 -67.0 -67.6 
SDDAll -12.6 0.0 -89.7 -78.2 -90.6 -79.5 -102.7 -90.4 -78.6 -78.6 -77.6 -77.3 -65.6 -66.4 
Average -14.9 -1.8 -90.0 -78.2 -90.3 -79.1 -103.2 -90.8 -78.5 -78.5 -78.2 -77.5 -65.2 -65.8 










CEP 31G -5.3 7.6 -74.5 -62.9 -74.7 -63.5 -86.5 -74.3 -70.5 -71.9 -70.4 -71.3 -58.6 -60.5 
CEP 121G -5.4 7.6 -76.1 -64.5 -76.3 -65.2 -87.7 -75.8 -69.0 -69.6 -68.9 -68.9 -57.4 -58.3 
LANL2DZ -4.4 8.3 -81.0 -69.0 -81.3 -69.9 -90.3 -77.6 -71.1 -71.9 -70.8 -70.9 -61.8 -63.2 
SDDAll -4.8 7.7 -74.5 -62.8 -75.1 -63.7 -85.8 -73.6 -70.4 -70.4 -69.8 -70.5 -59.0 -59.6 
Average -5.0 7.8 -76.5 -64.8 -76.8 -65.6 -87.6 -75.3 -70.3 -70.9 -70.0 -70.4 -59.2 -60.4 












OHtransOH OHtransOxo OHtransTHF OHtransOH OHtransOxo OHtransTHF 





CEP 31G -6.0 5.4 -87.0 -74.7 -78.9 -67.3 -86.7 -74.7 -69.3 -70.7 -77.4 -78.0 -69.7 -70.7 
CEP 121G -6.2 5.2 -87.4 -75.1 -79.4 -67.8 -87.0 -74.9 -68.7 -70.0 -76.7 -77.4 -69.1 -70.2 
LANL2DZ -6.1 5.2 -92.3 -80.2 -84.8 -73.2 -91.4 -79.3 -73.4 -74.7 -80.9 -81.7 -74.4 -75.6 
SDDAll -2.8 8.3 -85.7 -73.6 -78.3 -67.0 -85.5 -73.7 -68.6 -70.1 -76.0 -76.7 -68.8 -70.0 
Average -5.3 6.0 -88.1 -75.9 -80.4 -68.8 -87.6 -75.7 -70.0 -71.4 -77.8 -78.5 -70.5 -71.6 





CEP 31G -5.2 6.2 -75.7 -63.2 -67.2 -55.7 -76.4 -64.2 -59.8 -61.0 -68.3 -68.6 -59.1 -60.0 
CEP 121G -5.4 5.9 -76.3 -63.8 -67.9 -56.3 -76.9 -64.6 -59.1 -60.4 -67.6 -67.9 -58.6 -59.7 
LANL2DZ -5.2 6.0 -81.6 -69.2 -73.4 -61.8 -81.5 -69.3 -64.0 -65.3 -72.2 -72.7 -64.0 -65.1 
SDDAll -2.2 8.9 -75.0 -62.6 -67.1 -55.7 -75.8 -63.8 -58.8 -60.1 -66.7 -76.7 -58.0 -58.9 
Average -4.5 6.8 -77.1 -64.7 -68.9 -57.4 -77.7 -65.5 -60.4 -61.7 -68.7 -71.5 -59.9 -60.9 




CEP 31G -8.4 3.1 -84.9 -72.6 -75.9 -64.4 -84.9 -72.6 -56.3 -57.5 -65.3 -65.6 -56.2 -57.4 
CEP 121G -8.8 2.7 -85.3 -73.0 -76.2 -64.6 -85.3 -73.3 -55.4 -56.7 -64.5 -65.0 -55.4 -56.4 
LANL2DZ -8.6 2.8 -86.9 -74.5 -78.3 -66.7 -86.4 -73.7 -61.3 -62.7 -70.0 -70.5 -61.8 -63.5 
SDDAll -5.9 5.4 -82.5 -70.1 -74.2 -62.7 -83.1 -71.0 -57.6 -59.0 -65.9 -66.4 -57.0 -58.1 
Average -7.9 3.5 -84.9 -72.5 -76.1 -64.6 -85.0 -72.6 -57.6 -59.0 -66.4 -66.9 -57.6 -58.9 




CEP 31G -4.7 6.5 -82.5 -70.2 -75.0 -63.4 -82.5 -70.4 -68.4 -69.6 -75.9 -76.4 -68.4 -69.4 
CEP 121G -4.9 6.3 -82.7 -70.4 -75.4 -63.8 -82.7 -70.8 -67.6 -68.9 -74.9 -75.5 -67.6 -68.5 
LANL2DZ -5.1 6.1 -89.0 -76.7 -82.0 -70.3 -88.1 -76.0 -73.3 -74.5 -80.3 -80.9 -74.1 -75.2 
SDDAll -1.0 10.0 -80.1 -67.8 -73.4 -62.1 -80.3 -68.3 -67.4 -68.9 -74.1 -74.6 -67.1 -68.4 









OHtransOH OHtransOxo OHtransTHF OHtransOH OHtransOxo OHtransTHF 
ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG 





CEP 31G -7.0 4.4 -86.3 -73.9 -78.8 -67.1 -86.5 -74.1 -67.3 -68.3 -74.8 -75.2 -67.1 -68.2 
CEP 121G -7.3 4.1 -86.7 -74.3 -79.2 -67.5 -87.2 -75.2 -66.6 -67.5 -74.0 -74.4 -66.1 -66.7 
LANL2DZ -7.0 4.4 -87.5 -75.1 -80.5 -68.7 -86.8 -74.0 -67.5 -68.5 -74.5 -75.0 -68.3 -69.6 
SDDAll -4.1 7.3 -85.8 -73.5 -78.8 -67.1 -86.1 -73.8 -65.8 -66.8 -72.9 -73.3 -65.6 -66.6 
Average -6.4 5.0 -86.6 -74.2 -79.3 -67.6 -86.6 -74.3 -66.8 -67.8 -74.1 -74.5 -66.8 -67.8 





CEP 31G -7.7 3.7 -88.8 -76.5 -80.8 -69.1 -88.4 -76.4 -68.6 -69.9 -76.6 -77.3 -68.9 -69.9 
CEP 121G -7.9 3.5 -89.2 -76.9 -81.3 -69.6 -88.8 -76.8 -67.9 -69.3 -75.9 -76.6 -68.4 -69.4 
LANL2DZ -7.8 3.5 -93.9 -81.8 -86.5 -74.8 -92.9 -80.8 -72.9 -74.1 -80.3 -81.1 -73.9 -75.1 
SDDAll -4.4 6.7 -86.9 -74.8 -79.6 -68.3 -86.7 -74.8 -67.5 -68.9 -74.8 -75.5 -67.6 -68.9 
Average -7.0 4.3 -89.7 -77.5 -82.0 -70.5 -89.2 -77.2 -69.2 -70.6 -76.9 -77.6 -69.7 -70.9 




CEP 31G -10.9 0.6 -83.1 -70.5 -74.0 -62.4 -82.5 -70.8 -69.2 -71.0 -78.4 -79.1 -69.8 -70.7 
CEP 121G -11.5 0.1 -84.6 -72.2 -75.3 -63.7 -84.6 -72.4 -66.2 -67.8 -75.6 -76.4 -66.2 -67.7 
LANL2DZ -10.7 1.1 -91.1 -78.9 -91.1 -78.9 -89.6 -77.8 -60.3 -61.8 -60.3 -61.8 -61.8 -62.9 
SDDAll -9.2 2.3 -82.5 -70.2 -73.4 -61.9 -82.1 -70.7 -71.5 -73.0 -80.5 -81.4 -71.8 -72.6 
Average -10.5 1.0 -85.3 -73.0 -78.4 -66.7 -84.7 -72.9 -66.8 -68.4 -73.7 -74.7 -67.4 -68.5 





CEP 31G -11.5 -0.1 -82.5 -70.4 -74.1 -62.5 -80.6 -68.9 -68.4 -80.6 -76.8 -88.5 -70.3 -82.2 
CEP 121G -12.0 -0.8 -83.6 -71.6 -75.1 -63.6 -81.6 -69.6 -65.1 -66.6 -73.6 -74.6 -67.1 -68.5 
LANL2DZ -11.6 -0.2 -93.9 -81.8 -85.6 -74.1 -90.9 -79.2 -62.2 -63.8 -70.5 -71.5 -65.2 -66.3 
SDDAll -9.8 1.8 -82.6 -70.4 -74.5 -62.7 -81.3 -69.5 -71.1 -72.5 -79.2 -80.1 -72.4 -73.3 









OHtransOH OHtransOxo OHtransTHF OHtransOH OHtransOxo OHtransTHF 
ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG 




CEP 31G -6.7 4.7 -89.9 -77.4 -81.9 -70.4 -90.5 -78.7 -72.1 -73.6 -80.1 -80.6 -71.5 -72.4 
CEP 121G -6.8 4.6 -90.1 -77.3 -82.2 -70.3 -90.9 -79.0 -71.1 -73.1 -79.1 -80.1 -70.4 -71.4 
LANL2DZ -6.9 4.4 -94.3 -82.1 -86.6 -75.2 -93.8 -82.0 -67.9 -69.2 -75.5 -76.1 -68.4 -69.2 
SDDAll -2.7 8.3 -88.1 -76.1 -80.8 -69.7 -88.9 -77.6 -71.7 -73.1 -78.9 -79.5 -70.9 -71.6 
Average -5.8 5.5 -90.6 -78.2 -82.9 -71.4 -91.0 -79.3 -70.7 -72.3 -78.4 -79.1 -70.3 -71.2 







CEP 31G -1.5 9.8 -89.3 -76.5 -83.0 -71.2 -90.0 -76.5 -79.3 -80.2 -85.7 -85.6 -78.6 -80.2 
CEP 121G -1.1 10.2 -89.4 -76.5 -83.1 -71.2 -91.5 -79.4 -79.4 -80.5 -85.7 -85.8 -77.2 -77.6 
LANL2DZ -1.6 9.6 -94.2 -81.4 -87.9 -76.1 -94.2 -80.8 -79.2 -80.5 -85.5 -85.7 -79.2 -81.0 
SDDAll 1.3 12.0 -86.8 -74.2 -80.4 -68.8 -86.3 -73.2 -75.0 -76.2 -81.4 -81.5 -75.6 -77.2 
Average -0.8 10.4 -89.9 -77.1 -83.6 -71.8 -90.5 -77.5 -78.2 -79.3 -84.5 -84.6 -77.6 -79.0 





CEP 31G -7.6 3.6 -82.0 -69.7 -73.0 -61.7 -82.1 -70.1 -64.1 -65.4 -73.1 -73.4 -64.0 -65.0 
CEP 121G -8.2 3.1 -83.7 -71.2 -74.7 -63.2 -83.5 -71.4 -64.0 -65.4 -73.1 -73.4 -64.2 -65.3 
LANL2DZ -7.2 4.1 -87.0 -74.7 -78.2 -66.7 -86.3 -74.2 -67.3 -68.7 -76.1 -76.6 -68.1 -69.2 
SDDAll -4.9 6.2 -82.9 -70.6 -74.3 -63.1 -82.8 -70.9 -64.0 -65.3 -72.5 -72.8 -64.0 -65.0 
Average -7.0 4.2 -83.9 -71.5 -75.1 -63.7 -83.7 -71.6 -64.8 -66.2 -73.7 -74.1 -65.1 -66.1 




CEP 31G -10.8 0.3 -99.8 -87.7 -90.2 -79.2 -99.6 -88.0 -73.6 -75.0 -83.1 -83.5 -73.8 -74.7 
CEP 121G -11.9 -0.7 -103.0 -90.8 -93.2 -82.1 -102.3 -90.7 -74.5 -75.9 -84.2 -84.6 -75.1 -76.0 
LANL2DZ -9.4 1.7 -102.7 -90.5 -93.3 -82.1 -101.5 -89.8 -75.8 -77.3 -85.2 -85.7 -77.0 -78.1 
SDDAll -7.9 3.0 -101.6 -89.6 -92.3 -81.3 -100.7 -89.1 -74.8 -76.2 -84.1 -84.5 -75.8 -76.7 









OHtransOH OHtransOxo OHtransTHF OHtransOH OHtransOxo OHtransTHF 
ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG 










CEP 31G -7.0 4.4 -85.0 -72.6 -77.0 -65.4 -84.9 -72.7 -67.9 -70.2 -75.9 -77.5 -68.0 -70.1 
CEP 121G -7.2 4.2 -85.5 -73.1 -77.5 -65.8 -85.7 -73.6 -66.7 -68.1 -74.8 -75.4 -66.6 -67.6 
LANL2DZ -7.1 4.3 -90.5 -78.2 -83.7 -72.0 -89.5 -77.3 -68.2 -69.5 -75.0 -75.7 -69.1 -70.4 
SDDAll -4.1 7.1 -83.6 -71.3 -76.1 -64.6 -83.6 -71.6 -67.5 -68.9 -75.0 -76.6 -67.5 -68.6 
Average -6.3 5.0 -86.2 -73.8 -78.5 -66.9 -85.9 -73.8 -67.6 -69.2 -75.2 -76.3 -67.8 -69.2 
Std Dev 3.2 3.1 6.3 6.3 6.4 6.5 6.0 6.1 5.9 6.1 5.9 6.0 5.9 6.2 
 
Table A.2.3-4: Difference between the calculated bond dissociation enthalpies in kcal/mol for the trans-Cotton complex and cis-Cotton complex with THF as the dative ligand by functional 








OHtransOH OHtransOxo OHtransTHF OHtransOH OHtransOxo OHtransTHF 





CEP 31G -6.9 -6.8 -18.4 -17.8 -17.9 -16.9 -6.6 -6.7 11.4 11.0 10.9 10.2 -0.3 -0.1 
CEP 121G -7.1 -6.9 -18.2 -17.4 -17.7 -16.4 -6.8 -6.3 11.0 10.4 10.5 9.5 -0.4 -0.7 
LANL2DZ -7.5 -8.4 -17.7 -18.3 -17.3 -17.5 -10.7 -13.3 10.2 9.8 9.8 9.1 3.1 4.9 
SDDAll -7.0 -6.8 -18.7 -17.4 -17.5 -16.4 -7.4 -6.9 11.6 10.5 10.5 9.6 0.4 0.0 
Average -7.2 -7.2 -18.2 -17.7 -17.6 -16.8 -7.9 -8.3 11.1 10.5 10.4 9.6 0.7 1.1 





CEP 31G -7.4 -7.2 -21.0 -19.5 -20.3 -18.4 -7.1 -6.7 13.5 12.3 12.8 11.3 -0.3 -0.5 
CEP 121G -5.2 -5.8 -18.3 -17.9 -17.5 -16.9 -4.8 -5.5 13.1 12.1 12.4 11.1 -0.4 -0.3 
LANL2DZ -8.0 -7.5 -20.4 -18.7 -19.6 -17.9 -8.0 -6.8 12.4 11.2 11.6 10.5 0.0 -0.7 
SDDAll -5.5 -5.8 -19.2 -18.3 -17.8 -17.4 -5.9 -6.3 13.7 12.5 12.3 21.5 0.4 0.5 









OHtransOH OHtransOxo OHtransTHF OHtransOH OHtransOxo OHtransTHF 
ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG 




CEP 31G -8.0 -8.3 -20.6 -20.8 -20.7 -20.2 -7.8 -8.8 12.6 12.5 12.7 12.0 -0.2 0.5 
CEP 121G -6.6 -4.0 -18.7 -16.2 -18.9 -15.9 -6.3 -4.7 12.2 12.2 12.3 11.9 -0.2 0.7 
LANL2DZ -8.2 -8.4 -20.1 -19.6 -19.9 -18.7 -8.3 -8.6 11.8 11.2 11.7 10.3 0.1 0.2 
SDDAll -8.1 -7.9 -20.9 -20.3 -20.4 -19.0 -8.4 -8.2 12.8 12.4 12.3 11.1 0.3 0.4 
Average -7.7 -7.1 -20.1 -19.2 -20.0 -18.4 -7.7 -7.6 12.4 12.1 12.2 11.3 0.0 0.4 




CEP 31G -7.2 -7.0 -18.5 -17.4 -17.9 -16.8 -6.7 -6.4 11.3 10.4 10.7 9.8 -0.5 -0.6 
CEP 121G -5.3 -6.4 -15.9 -15.9 -15.3 -15.5 -4.7 -5.2 10.6 9.6 10.0 9.2 -0.6 -1.1 
LANL2DZ -7.8 -8.0 -17.5 -16.5 -17.1 -16.0 -11.6 -12.1 9.7 8.4 9.3 7.9 3.8 4.1 
SDDAll -7.7 -9.7 -19.3 -20.0 -19.2 -20.1 -11.3 -14.8 11.6 10.3 11.5 10.5 3.6 5.2 
Average -7.0 -7.8 -17.8 -17.5 -17.4 -17.1 -8.6 -9.6 10.8 9.7 10.4 9.4 1.6 1.9 





CEP 31G -7.1 -7.9 -18.3 -19.3 -19.1 -19.6 -6.4 -8.1 11.2 11.4 12.1 11.6 -0.6 0.2 
CEP 121G -7.2 -7.7 -17.8 -18.7 -18.8 -18.9 -6.4 -7.5 10.7 11.0 11.7 11.2 -0.8 -0.2 
LANL2DZ -7.4 -8.1 -17.6 -18.4 -18.4 -18.2 -7.5 -8.3 10.2 10.3 11.0 10.2 0.1 0.3 
SDDAll -7.3 -7.7 -18.8 -19.3 -19.2 -18.8 -7.2 -7.9 11.5 11.6 11.9 11.2 -0.1 0.2 
Average -7.2 -7.8 -18.1 -18.9 -18.9 -18.9 -6.9 -8.0 10.9 11.1 11.7 11.0 -0.4 0.1 





CEP 31G -7.2 -7.7 -18.3 -18.8 -17.9 -17.8 -6.5 -7.5 11.0 11.0 10.7 10.1 -0.7 -0.2 
CEP 121G -7.5 -7.6 -18.1 -17.6 -17.7 -16.8 -6.8 -6.9 10.6 10.0 10.3 9.2 -0.7 -0.8 
LANL2DZ -7.8 -8.3 -17.6 -17.9 -17.3 -17.2 -10.5 -11.8 9.8 9.5 9.5 8.8 2.7 3.4 
SDDAll -7.4 -7.3 -18.6 -17.7 -17.7 -16.6 -7.5 -7.4 11.3 70.3 10.3 69.2 0.2 60.0 









OHtransOH OHtransOxo OHtransTHF OHtransOH OHtransOxo OHtransTHF 
ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG 




CEP 31G -6.3 -6.7 -17.7 -18.7 -17.6 -18.1 -5.5 -6.6 11.4 12.0 11.4 11.5 -0.8 -0.1 
CEP 121G -6.4 -6.2 -17.6 -18.8 -17.5 -18.0 -5.2 -5.9 11.2 12.6 11.2 11.8 -1.2 -0.3 
LANL2DZ -6.5 -7.1 -17.8 -19.0 -17.4 -17.5 -6.3 -7.4 11.2 11.9 10.8 10.5 -0.2 0.3 
SDDAll -6.5 -6.5 -18.6 -20.0 -18.0 -17.5 -6.1 -6.8 12.1 13.6 11.5 11.1 -0.5 0.4 
Average -6.4 -6.6 -17.9 -19.1 -17.6 -17.8 -5.8 -6.7 11.5 12.5 11.2 11.2 -0.7 0.1 





CEP 31G -5.8 -5.9 -14.2 -15.0 -14.8 -15.6 -4.5 -5.1 8.4 9.1 9.0 9.7 -1.2 -0.8 
CEP 121G -5.8 -5.9 -14.1 -15.9 -14.7 -15.1 -4.5 -5.2 8.3 9.9 8.9 9.2 -1.3 -0.7 
LANL2DZ -6.6 -7.1 -15.4 -16.3 -15.4 -16.1 -6.7 -7.2 8.8 9.2 8.8 9.0 0.1 0.1 
SDDAll -6.1 -6.1 -15.5 -16.2 -15.8 -16.0 -5.7 -6.0 9.4 10.1 9.6 9.9 -0.5 -0.2 
Average -6.1 -6.3 -14.8 -15.9 -15.2 -15.7 -5.4 -5.9 8.7 9.6 9.1 9.4 -0.7 -0.4 




CEP 31G -6.4 -4.6 -19.7 -17.2 -18.8 -14.8 -6.5 -4.3 13.3 12.6 12.4 10.1 0.1 -0.3 
CEP 121G -5.4 -4.6 -18.3 -16.5 -17.2 -14.3 -5.5 -4.0 12.9 11.9 11.8 9.7 0.1 -0.6 
LANL2DZ -4.6 -4.6 -16.5 -16.7 -15.5 -14.1 -8.0 -9.4 11.9 12.1 10.9 9.4 3.3 4.7 
SDDAll -4.5 -4.0 -17.6 -15.9 -16.8 -15.7 -5.1 -4.7 13.1 11.9 12.3 11.7 0.7 0.6 
Average -5.2 -4.5 -18.0 -16.6 -17.1 -14.7 -6.3 -5.6 12.8 12.1 11.8 10.2 1.0 1.1 







CEP 31G -14.8 -16.4 -16.2 -16.1 -16.1 -15.8 -5.5 -6.3 1.4 -0.3 1.3 -0.6 -9.3 -10.1 
CEP 121G -14.7 -16.5 -14.8 -13.4 -14.6 -13.3 -4.3 -4.1 0.0 -3.2 -0.1 -3.2 -10.5 -12.4 
LANL2DZ -9.3 -9.5 -9.8 -9.8 -9.6 -8.3 0.3 0.6 0.5 0.3 0.3 -1.2 -9.6 -10.1 
SDDAll -8.6 -8.2 -9.8 5.8 -8.6 6.6 1.5 17.0 1.1 -0.8 0.0 -1.6 -10.1 -12.0 









OHtransOH OHtransOxo OHtransTHF OHtransOH OHtransOxo OHtransTHF 
ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG 





CEP 31G -7.1 -7.0 -20.4 -20.4 -19.9 -19.3 -6.5 -7.3 13.3 13.4 12.8 12.3 -0.6 0.3 
CEP 121G -7.2 -7.2 -20.1 -20.2 -19.7 -19.3 -6.6 -8.1 12.9 13.0 12.5 12.1 -0.6 0.9 
LANL2DZ -7.7 -7.7 -20.2 -20.2 -19.6 -19.1 -7.6 -8.6 12.5 12.5 11.9 11.4 -0.1 0.8 
SDDAll -7.3 -7.2 -20.8 -20.1 -19.5 -18.7 -7.5 -8.1 13.5 12.9 12.2 11.5 0.2 0.9 
Average -7.3 -7.3 -20.4 -20.2 -19.7 -19.1 -7.0 -8.0 13.0 13.0 12.4 11.8 -0.3 0.7 




CEP 31G -7.3 -7.3 -20.2 -20.8 -20.0 -20.0 -5.8 -7.7 12.8 13.5 12.7 12.7 -1.5 0.4 
CEP 121G -7.4 -7.4 -19.8 -20.6 -20.0 -19.9 -7.0 -7.5 12.4 13.2 12.6 12.6 -0.3 0.2 
LANL2DZ -7.9 -8.1 -20.1 -20.7 -19.7 -19.7 -7.3 -8.6 12.2 12.7 11.8 11.6 -0.6 0.5 
SDDAll -7.6 -7.5 -20.3 -20.5 -19.4 -19.2 -7.3 -8.3 12.7 13.0 11.8 11.7 -0.3 0.8 
Average -7.6 -7.6 -20.1 -20.7 -19.8 -19.7 -6.9 -8.0 12.5 13.1 12.2 12.1 -0.7 0.5 










CEP 31G -7.7 -7.8 -18.3 -18.1 -18.1 -17.4 -6.3 -6.6 10.6 10.2 10.4 9.6 -1.4 -1.2 
CEP 121G -7.1 -7.2 -17.2 -16.8 -17.0 -16.1 -5.5 -5.5 10.1 9.7 9.9 9.0 -1.6 -1.6 
LANL2DZ -7.4 -7.7 -17.0 -17.1 -16.8 -16.2 -7.7 -8.4 9.7 9.4 9.4 8.5 0.4 0.7 
SDDAll -6.9 -7.0 -17.7 -15.9 -17.1 -15.1 -6.3 -5.2 10.8 16.2 10.2 16.4 -0.6 5.5 
Average -7.3 -7.4 -17.5 -17.0 -17.2 -16.2 -6.5 -6.4 10.3 11.4 10.0 10.8 -0.8 0.8 




Table A.2.3-5: Difference between the calculated bond dissociation enthalpies in kcal/mol for the trans-Cotton complex and cis-Cotton complex with water as the dative ligand by 








OHtransOH OHtransOxo OHtransTHF OHtransOH OHtransOxo OHtransTHF 





CEP 31G -6.8 -7.0 -6.4 -7.0 -18.8 -5.4 -6.8 -87.1 17.4 0.0 7.8 7.4 0.0 0.0 
CEP 121G -6.9 -7.1 -6.4 -6.9 -19.1 -5.7 -6.9 -87.2 18.3 -0.2 7.6 7.1 0.0 0.0 
LANL2DZ -6.9 -7.2 -5.9 -6.3 -19.8 -6.3 -6.9 -91.7 18.0 -0.9 6.6 6.1 0.0 0.0 
SDDAll -7.3 -7.6 -7.1 -7.6 -18.7 -5.4 -7.2 -89.5 16.9 0.0 7.2 6.6 0.0 0.0 
Average -6.9 -7.2 -6.5 -6.9 -19.1 -5.7 -7.0 -88.9 17.6 -0.3 7.3 6.8 0.0 0.0 





CEP 31G -7.5 -7.8 -8.2 -8.8 -17.8 -4.3 -7.5 -78.2 16.6 1.0 9.2 8.5 0.0 0.0 
CEP 121G -7.5 -7.9 -8.1 -8.6 -18.2 -4.5 -7.5 -78.4 17.8 0.7 9.0 8.2 0.0 0.0 
LANL2DZ -7.6 -7.9 -7.5 -8.0 -19.4 -5.7 -7.6 -83.2 17.6 0.1 8.2 7.6 0.0 0.0 
SDDAll -7.9 -8.3 -8.7 -9.4 -18.3 -4.9 -7.9 -80.9 16.9 1.1 8.6 17.7 0.0 -0.1 
Average -7.6 -8.0 -8.1 -8.7 -18.4 -4.9 -7.6 -80.2 17.2 0.7 8.8 10.5 0.0 0.0 




CEP 31G -8.3 -8.5 -8.6 -8.8 -35.7 -21.9 -8.5 -84.5 28.9 0.3 9.2 8.5 0.2 0.3 
CEP 121G -8.4 -8.7 -8.5 -8.9 -36.2 -22.6 -8.4 -84.5 30.0 0.1 9.2 8.5 0.0 -0.2 
LANL2DZ -8.3 -8.5 -8.1 -8.7 -31.6 -18.1 -8.6 -86.0 25.4 0.2 8.5 7.9 0.3 1.0 
SDDAll -8.6 -8.7 -9.1 -9.4 -32.8 -18.8 -8.5 -84.8 25.5 0.7 8.8 8.1 -0.1 -0.2 
Average -8.4 -8.6 -8.5 -8.9 -34.1 -20.3 -8.5 -85.0 27.4 0.3 8.9 8.2 0.1 0.2 




CEP 31G -6.7 -7.0 -6.7 -7.3 -17.7 -4.3 -6.7 -84.0 14.1 0.3 7.5 7.0 0.0 0.0 
CEP 121G -6.8 -7.2 -6.8 -7.4 -18.2 -4.9 -6.8 -84.1 15.1 0.2 7.3 6.8 0.0 -0.2 
LANL2DZ -6.8 -7.1 -6.0 -6.4 -18.3 -4.9 -6.8 -89.2 14.9 -0.7 6.2 5.7 0.0 0.0 









OHtransOH OHtransOxo OHtransTHF OHtransOH OHtransOxo OHtransTHF 
ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG 
Average -6.9 -7.3 -6.7 -7.3 -18.0 -4.6 -6.9 -85.8 14.2 0.0 7.0 6.4 0.0 -0.1 





CEP 31G -7.4 -7.8 -7.6 -8.1 -20.7 -7.1 -7.5 -86.4 19.3 0.4 7.8 7.2 0.1 0.2 
CEP 121G -7.5 -7.9 -7.6 -7.9 -21.1 -7.3 -7.1 -86.4 20.2 0.1 7.6 6.9 -0.4 -0.8 
LANL2DZ -7.4 -7.8 -6.7 -6.8 -21.2 -7.2 -7.5 -86.4 19.3 -1.0 6.3 5.5 0.0 0.1 
SDDAll -7.9 -8.1 -8.1 -8.4 -22.1 -8.4 -7.9 -89.2 20.3 0.3 7.3 6.7 0.0 0.0 
Average -7.6 -7.9 -7.5 -7.8 -21.3 -7.5 -7.5 -87.1 19.8 -0.1 7.2 6.6 -0.1 -0.1 





CEP 31G -6.8 -7.0 -6.5 -7.0 -20.1 -6.6 -6.8 -87.2 19.8 0.0 7.7 7.3 0.0 0.0 
CEP 121G -6.9 -7.2 -6.5 -7.0 -20.4 -6.9 -6.9 -87.4 20.9 -0.2 7.5 7.1 0.0 0.0 
LANL2DZ -7.0 -7.3 -5.9 -6.3 -20.9 -7.4 -7.0 -91.6 20.0 -1.0 6.4 6.0 0.0 0.0 
SDDAll -7.3 -7.6 -7.1 -7.6 -19.8 -6.4 -7.3 -89.1 19.3 68.9 7.1 75.5 0.0 68.9 
Average -7.0 -7.3 -6.5 -6.9 -20.3 -6.8 -7.0 -88.8 20.0 16.9 7.2 24.0 0.0 17.2 




CEP 31G -7.0 -7.1 -6.5 -7.5 1.3 14.5 -7.1 -78.6 13.4 0.4 8.6 8.5 0.1 0.1 
CEP 121G -6.8 -6.7 -6.3 -6.9 -4.4 9.0 -6.2 -79.2 17.8 0.2 8.8 8.7 -0.6 0.1 
LANL2DZ -7.0 -7.1 -5.7 -6.2 -31.7 -18.1 -7.3 -86.1 29.5 -1.0 -1.3 -1.0 0.2 0.1 
SDDAll -7.1 -7.1 -6.8 -7.6 8.3 21.5 -7.2 -80.1 10.7 0.5 8.7 8.8 0.0 0.0 
Average -7.0 -7.0 -6.3 -7.0 -6.6 6.7 -6.9 -81.0 17.9 0.0 6.2 6.3 -0.1 0.1 





CEP 31G -6.8 -7.1 -4.9 -5.3 -13.3 21.8 -6.8 -75.6 12.2 -1.8 6.4 6.1 0.0 -0.3 
CEP 121G -6.7 -6.8 -4.7 -5.0 -19.7 -6.3 -6.7 -75.9 16.5 -1.7 6.5 6.3 0.0 0.2 
LANL2DZ -7.2 -7.4 -4.3 -4.8 -41.1 -27.8 -7.3 -86.4 28.7 -2.5 5.3 5.2 0.1 0.0 









OHtransOH OHtransOxo OHtransTHF OHtransOH OHtransOxo OHtransTHF 
ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG 
Average -6.9 -7.1 -4.9 -5.3 -20.7 -1.8 -6.9 -79.0 16.9 -1.8 6.3 6.0 0.0 -0.1 




CEP 31G -6.8 -7.1 -7.5 -8.5 -26.5 -13.3 -7.0 -90.7 18.5 1.5 8.7 8.4 0.1 0.2 
CEP 121G -6.8 -6.8 -7.4 -8.5 -27.0 -13.6 -6.7 -90.3 19.6 1.6 8.6 8.6 -0.1 0.0 
LANL2DZ -7.1 -7.3 -6.3 -6.1 -35.9 -21.8 -6.8 -92.7 25.6 -1.2 6.8 5.8 -0.3 -1.1 
SDDAll -7.4 -7.2 -8.3 -8.9 -25.5 -12.5 -7.5 -93.3 17.4 1.7 8.2 8.1 0.1 0.2 
Average -7.0 -7.1 -7.4 -8.0 -28.7 -15.3 -7.0 -91.7 20.3 0.9 8.1 7.7 -0.1 -0.2 







CEP 31G -6.9 -7.6 -7.6 -7.7 -19.4 -5.0 -7.0 -94.0 10.7 0.1 7.1 5.5 0.1 0.2 
CEP 121G -7.1 -7.9 -7.4 -7.5 -18.9 -4.3 -5.2 -94.2 10.3 -0.4 6.6 4.9 -1.8 -3.3 
LANL2DZ -7.3 -7.7 -7.2 -6.6 -26.7 -11.5 -7.2 -97.5 14.9 -1.2 6.2 4.1 -0.1 -0.6 
SDDAll -7.7 -7.8 -7.2 11.5 -16.0 17.0 -7.8 -74.7 11.2 -1.2 5.8 4.2 0.0 -0.1 
Average -7.2 -7.7 -7.4 -2.6 -20.3 -1.0 -6.8 -90.1 11.8 -0.6 6.4 4.7 -0.5 -1.0 





CEP 31G -7.5 -7.6 -7.5 -8.0 -25.0 -11.4 -7.5 -81.3 18.0 0.4 9.0 8.4 0.0 0.1 
CEP 121G -7.5 -7.7 -7.3 -7.9 -25.7 -12.2 -7.5 -82.3 19.5 0.3 8.9 8.3 0.0 0.1 
LANL2DZ -7.6 -7.8 -6.9 -7.4 -26.9 -13.3 -7.6 -86.1 19.0 -0.4 8.1 7.5 0.0 0.0 
SDDAll -7.8 -8.0 -7.7 -8.4 -26.1 -12.8 -7.8 -85.1 18.8 0.4 8.4 7.8 0.0 0.1 
Average -7.6 -7.8 -7.4 -7.9 -25.9 -12.4 -7.6 -83.7 18.8 0.1 8.6 8.0 0.0 0.1 




CEP 31G -7.7 -7.6 -7.6 -8.0 -45.2 -31.8 -7.7 -96.0 26.0 0.4 9.4 8.8 0.0 0.1 
CEP 121G -7.8 -7.7 -7.1 -7.7 -46.7 -33.4 -7.8 -97.8 27.8 0.0 9.1 8.6 0.0 0.1 
LANL2DZ -8.0 -8.1 -6.9 -7.3 -46.5 -33.1 -8.0 -99.5 25.7 -0.8 8.2 7.6 0.0 -0.1 









OHtransOH OHtransOxo OHtransTHF OHtransOH OHtransOxo OHtransTHF 
ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG 
Average -7.9 -7.9 -7.2 -7.6 -46.0 -32.6 -7.9 -98.4 26.4 -0.2 8.8 8.2 0.0 0.1 










CEP 31G -7.1 -7.4 -7.0 -7.6 -18.9 -3.2 -7.2 -84.6 17.1 0.2 8.0 7.4 0.1 0.1 
CEP 121G -7.1 -7.4 -7.0 -7.5 -20.3 -6.7 -6.8 -84.8 18.7 0.0 7.9 7.3 -0.3 -0.4 
LANL2DZ -7.3 -7.5 -6.4 -6.6 -26.7 -12.9 -7.3 -89.1 21.4 -0.9 5.9 5.3 0.0 -0.1 
SDDAll -7.5 -7.7 -7.5 -6.1 -17.1 -1.7 -7.5 -84.6 16.1 7.1 7.6 14.8 0.0 6.9 
Average -7.3 -7.5 -7.0 -7.0 -20.7 -6.1 -7.2 -85.8 18.3 1.6 7.3 8.7 0.0 1.6 
Std Dev 0.5 0.5 1.0 2.9 11.2 12.5 0.6 6.3 5.4 10.0 1.7 10.1 0.3 10.0 
139 
A.3 Geometry Optimization Statistics 
A.3.1 Geometry Optimization Bond Length and Angles Comparison Statistics Beaumier WN 
Model 
 
Table A.3.1: Comparison of optimized geometries to average bond lengths and angles in the 
Cambridge Crystallographic Database and the reference chromium anion crystal structure by 











Beaumier Bond Lengths Beaumier Bond Angles 





















CEP 31G -1.1 6.0 8.6 8.6 -1.1 5.6 8.6 2.1 
CEP-121g -1.5 5.9 6.4 6.4 0.2 10.2 0.6 4.6 
LANL2DZ -0.7 5.8 7.3 7.3 0.2 10.2 0.6 5.0 
SDDAll -1.0 5.9 6.9 6.9 0.2 10.1 0.5 4.6 
Average -1.1 5.9 7.3 7.3 -0.1 9.0 2.6 4.1 





CEP 31G -1.4 6.0 8.3 8.3 0.2 10.1 0.6 4.9 
CEP-121g -1.8 5.9 6.1 6.1 0.2 10.1 0.6 5.0 
LANL2DZ -0.9 5.8 7.0 7.0 0.2 10.1 0.5 5.2 
SDDAll -1.3 5.9 6.6 6.6 0.2 10.1 0.5 5.0 
Average -1.3 5.9 7.0 7.0 0.2 10.1 0.5 5.0 




CEP 31G -1.7 6.2 8.0 8.0 0.2 9.9 0.5 3.8 
CEP-121g -2.2 6.2 5.6 5.6 0.2 9.8 0.4 4.0 
LANL2DZ -1.4 6.2 6.4 6.4 0.2 10.1 0.5 4.0 
SDDAll -1.7 6.1 6.2 6.2 0.2 9.9 0.6 3.8 
Average -1.8 6.2 6.5 6.5 0.2 9.9 0.5 3.9 




CEP 31G -0.6 5.9 9.3 9.3 0.2 10.1 0.6 4.5 
CEP-121g -0.9 5.8 7.1 7.1 0.2 10.2 0.7 4.5 
LANL2DZ 0.0 6.1 8.0 8.0 0.2 10.2 0.6 5.1 
SDDAll -0.4 5.8 7.6 7.6 0.2 10.1 0.6 4.7 
Average -0.5 5.9 8.0 8.0 0.2 10.1 0.6 4.7 





CEP 31G -1.3 6.0 8.4 8.4 0.2 9.9 0.6 4.5 
CEP-121g -1.6 5.9 6.3 6.3 0.2 10.0 0.6 4.5 
LANL2DZ -0.9 5.8 7.1 7.1 0.2 10.1 0.6 4.8 












Beaumier Bond Lengths Beaumier Bond Angles 

















Average -1.2 5.9 7.1 7.1 0.2 10.0 0.6 4.6 





CEP 31G -1.6 6.1 8.1 8.1 0.3 9.8 0.9 3.5 
CEP-121g -1.9 6.2 6.0 6.0 0.3 9.7 0.9 3.6 
LANL2DZ -1.2 6.0 6.7 6.7 0.3 10.0 1.0 3.7 
SDDAll -1.6 6.1 6.3 6.3 0.3 9.8 0.9 3.5 
Average -1.6 6.1 6.8 6.8 0.3 9.8 0.9 3.6 




CEP 31G -2.4 6.0 7.2 7.2 0.2 10.2 0.7 4.4 
CEP-121g -2.7 6.0 5.0 5.0 0.2 10.3 0.6 4.7 
LANL2DZ -2.0 5.9 5.8 5.8 0.2 10.3 0.7 4.4 
SDDAll -2.3 6.0 5.5 5.5 0.2 10.2 0.6 4.4 
Average -2.3 6.0 5.9 5.9 0.2 10.3 0.6 4.5 





CEP 31G -1.3 6.5 8.5 8.5 0.2 9.4 0.1 2.9 
CEP-121g -2.3 6.3 5.6 5.6 0.2 9.3 0.2 3.2 
LANL2DZ -1.0 6.5 7.0 7.0 0.2 9.4 0.1 2.8 
SDDAll -1.2 6.4 6.7 6.7 0.2 9.4 0.1 2.8 
Average -1.4 6.4 6.9 6.9 0.2 9.4 0.1 2.9 




CEP 31G -2.1 6.0 7.6 7.6 0.2 10.0 0.6 4.7 
CEP-121g -2.5 5.9 5.3 5.3 0.2 10.1 0.6 4.8 
LANL2DZ -1.6 5.8 6.3 6.3 0.1 10.2 0.6 5.2 
SDDAll -2.0 5.9 5.9 5.9 0.2 10.1 0.6 4.9 
Average -2.1 5.9 6.3 6.3 0.2 10.1 0.6 4.9 







CEP 31G -1.6 5.7 8.1 8.1 0.2 9.5 0.9 5.5 
CEP-121g -2.3 5.7 5.6 5.6 0.2 9.6 0.9 5.2 
LANL2DZ -1.1 5.4 6.8 6.8 0.1 9.5 0.8 6.0 
SDDAll -1.5 5.5 6.5 6.5 0.2 9.4 0.6 5.3 
Average -1.6 5.6 6.7 6.7 0.2 9.5 0.8 5.5 
Std Dev 0.5 0.1 1.0 1.0 0.1 0.1 0.1 0.4 
 
CEP 31G -1.0 1.0 8.7 8.7 0.3 10.9 1.1 4.7 
CEP-121g -1.4 1.4 3.2 11.8 0.2 9.6 0.2 9.6 












Beaumier Bond Lengths Beaumier Bond Angles 




















P SDDAll -0.9 0.9 6.9 6.9 0.4 10.7 1.0 4.7 
Average -1.0 1.0 6.5 8.7 0.3 10.5 0.8 6.0 




CEP 31G         
LANL2DZ         
SDDAll         
CEP-121g         
Average         









s CEP 31G -1.5 5.6 8.2 8.2 0.1 9.6 1.4 4.1 
CEP-121g -1.9 5.6 5.6 6.4 0.2 9.9 0.6 4.9 
LANL2DZ -1.0 5.4 6.9 6.9 0.2 10.1 0.6 4.7 
SDDAll -1.4 5.5 6.5 6.5 0.2 10.0 0.6 4.4 
Average -1.4 5.5 6.8 7.0 0.2 9.9 0.8 4.5 
Std Dev 27.5 26.4 29.9 26.0 32.5 8.6 6.3 2.9 
 
A.3.2 Geometry Optimization Bond Length and Angles Comparison Statistics Cotton WO Model 
Table A.3.2: Comparison of optimized geometries to the reference crystal structure by functional and 






Cotton Bond Lengths Cotton Bond Angles 





CEP 31G 1.9 2.6 -5.5 5.7 
CEP-121g 1.9 2.6 -5.4 5.7 
LANL2DZ 1.7 2.4 -5.1 5.6 
SDDAll 2.1 2.6 -4.8 5.4 
Average 1.9 2.6 -5.2 5.6 





CEP 31G 1.4 2.4 -5.3 5.3 
CEP-121g 1.5 2.4 -5.1 5.4 
LANL2DZ 1.1 2.1 -4.8 5.1 
SDDAll 1.7 2.5 -4.6 5.0 
Average 1.4 2.3 -5.0 5.2 







Cotton Bond Lengths Cotton Bond Angles 




CEP 31G 0.9 1.9 -5.8 6.0 
CEP-121g 0.8 1.9 -5.7 6.0 
LANL2DZ 0.3 1.6 -5.5 5.7 
SDDAll 0.9 1.8 -5.4 5.7 
Average 0.7 1.8 -5.6 5.8 




CEP 31G 2.7 3.3 -5.4 5.4 
CEP-121g 2.8 3.4 -5.2 5.5 
LANL2DZ 2.5 3.2 -4.9 5.4 
SDDAll 3.1 3.5 -4.7 5.0 
Average 2.8 3.3 -5.1 5.3 





CEP 31G 1.8 2.6 -5.7 5.9 
CEP-121g 1.8 2.7 -5.5 5.9 
LANL2DZ 1.7 2.4 -5.2 5.7 
SDDAll 2.1 2.7 -5.0 5.5 
Average 1.9 2.6 -5.3 5.7 





CEP 31G 1.9 2.6 -4.7 5.8 
CEP-121g 1.9 2.6 -5.5 5.8 
LANL2DZ 1.7 2.6 -5.3 5.7 
SDDAll 1.9 2.5 -5.0 5.4 
Average 1.8 2.6 -5.1 5.7 




CEP 31G -0.9 1.8 -3.5 5.6 
CEP-121g -0.8 0.9 -4.9 5.0 
LANL2DZ -1.4 1.4 -4.7 5.5 
SDDAll -0.9 1.3 -4.2 5.4 
Average -1.0 1.3 -4.3 5.4 





CEP 31G 2.1 2.8 -5.8 7.1 
CEP-121g 1.5 2.2 -6.6 6.7 
LANL2DZ -0.2 1.0 -5.3 5.8 
SDDAll 2.1 2.1 -5.9 6.7 
Average 1.4 2.0 -5.9 6.6 







Cotton Bond Lengths Cotton Bond Angles 




CEP 31G 0.8 1.7 -5.2 5.4 
CEP-121g 0.8 1.8 -5.1 5.5 
LANL2DZ 0.2 1.5 -4.6 5.1 
SDDAll 1.1 1.8 -4.6 5.2 
Average 0.7 1.7 -4.9 5.3 







CEP 31G 1.6 2.5 -4.7 4.6 
CEP-121g 1.6 2.5 -4.4 4.9 
LANL2DZ 0.8 1.9 -4.0 4.2 
SDDAll 1.5 2.3 -3.5 4.0 
Average 1.4 2.3 -4.2 4.4 





CEP 31G 1.5 2.1 -5.6 5.7 
CEP-121g 1.4 2.1 -5.6 5.7 
LANL2DZ 1.1 1.8 -5.4 5.4 
SDDAll 1.8 2.2 -5.1 5.3 
Average 1.4 2.1 -5.4 5.6 




CEP 31G 1.6 2.0 -5.8 6.2 
LANL2DZ 1.5 2.0 -5.9 6.1 
SDDAll 1.1 1.6 -5.4 5.7 
CEP-121g 1.8 2.0 -5.5 5.7 
Average 1.5 1.9 -5.6 5.9 










CEP 31G -5.5 5.7 -5.5 5.7 
CEP-121g -5.4 5.7 -5.4 5.7 
LANL2DZ -5.1 5.6 -5.1 5.6 
SDDAll -4.8 5.4 -4.8 5.4 
Average -5.2 5.6 -5.2 5.6 




A.3.3 Geometry Optimization Bond Length Comparison Statistics 
Table A.3.3: Bond length comparison of optimized geometries to the reference crystal structures by 








Churchill – C  
Bond Lengths 
Beaumier – N 
Bond Lengths 
























CEP 31G 0.8 1.5 8.6 8.6 1.9 2.6 3.8 4.2 
CEP-121g 0.8 1.5 6.4 6.4 1.9 2.6 3.1 3.5 
LANL2DZ 0.7 1.5 7.3 7.3 1.7 2.4 3.2 3.7 
SDDAll 1.2 1.7 6.9 6.9 2.1 2.6 3.4 3.7 
Average 0.9 1.6 7.3 7.3 1.9 2.6 3.4 3.8 





CEP 31G 1.2 1.7 8.3 8.3 1.4 2.4 3.7 4.1 
CEP-121g 1.2 1.7 6.1 6.1 1.5 2.4 2.9 3.4 
LANL2DZ 1.0 1.8 7.0 7.0 1.1 2.1 3.0 3.7 
SDDAll 1.6 2.0 6.6 6.6 1.7 2.5 3.3 3.7 
Average 1.3 1.8 7.0 7.0 1.4 2.3 3.2 3.7 




CEP 31G 0.6 1.3 8.0 8.0 0.9 1.9 3.2 3.7 
CEP-121g 0.6 1.3 5.6 5.6 0.8 1.9 2.3 2.9 
LANL2DZ 0.3 1.3 6.4 6.4 0.3 1.6 2.4 3.1 
SDDAll 0.9 1.5 6.2 6.2 0.9 1.8 2.7 3.2 
Average 0.6 1.4 6.5 6.5 0.7 1.8 2.6 3.2 




CEP 31G 2.0 2.3 9.3 9.3 2.7 3.3 4.7 4.9 
CEP-121g 2.0 2.3 7.1 7.1 2.8 3.4 3.9 4.2 
LANL2DZ 1.8 2.4 8.0 8.0 2.5 3.2 4.1 4.5 
SDDAll 2.4 2.5 7.6 7.6 3.1 3.5 4.4 4.5 
Average 2.0 2.4 8.0 8.0 2.8 3.3 4.3 4.6 





CEP 31G 0.5 1.0 8.4 8.4 1.8 2.6 3.6 4.0 
CEP-121g 0.5 1.0 6.3 6.3 1.8 2.7 2.9 3.3 
LANL2DZ 0.4 1.0 7.1 7.1 1.7 2.4 3.1 3.5 
SDDAll 0.9 1.2 6.7 6.7 2.1 2.7 3.2 3.5 
Average 0.6 1.0 7.1 7.1 1.9 2.6 3.2 3.6 
Std Dev 0.2 0.1 0.9 0.9 0.2 0.1 3.0 2.8 
 CEP 31G 0.6 1.3 8.1 8.1 1.9 2.6 3.5 4.0 








Churchill – C  
Bond Lengths 
Beaumier – N 
Bond Lengths 
























 LANL2DZ 0.4 1.3 6.7 6.7 1.7 2.6 2.9 3.5 
SDDAll 0.9 1.5 6.3 6.3 1.9 2.5 3.0 3.5 
Average 0.6 1.4 6.8 6.8 1.8 2.6 3.1 3.6 




CEP 31G 0.1 1.4 7.2 7.2 -0.9 1.8 2.2 3.5 
CEP-121g 0.1 1.4 5.0 5.0 -0.8 0.9 1.5 2.5 
LANL2DZ -0.2 1.5 5.8 5.8 -1.4 1.4 1.4 2.9 
SDDAll 0.4 1.7 5.5 5.5 -0.9 1.3 1.7 2.8 
Average 0.1 1.5 5.9 5.9 -1.0 1.3 1.7 2.9 





CEP 31G 0.8 1.5 8.5 8.5 2.1 2.8 3.8 4.2 
CEP-121g 0.8 1.5 5.6 5.6 1.5 2.2 2.6 3.1 
LANL2DZ 0.4 1.5 7.0 7.0 -0.2 1.0 2.4 3.1 
SDDAll 1.0 1.7 6.7 6.7 2.1 2.1 3.3 3.5 
Average 0.8 1.5 6.9 6.9 1.4 2.0 3.0 3.5 




CEP 31G -0.3 1.1 7.6 7.6 0.8 1.7 2.7 3.4 
CEP-121g -0.3 1.1 5.3 5.3 0.8 1.8 1.9 2.7 
LANL2DZ -0.5 0.9 6.3 6.3 0.2 1.5 2.0 2.9 
SDDAll 0.1 0.9 5.9 5.9 1.1 1.8 2.4 2.9 
Average -0.3 1.0 6.3 6.3 0.7 1.7 2.2 3.0 







CEP 31G 0.1 0.9 8.1 8.1 1.6 2.5 3.3 3.8 
CEP-121g 0.1 0.9 5.6 5.6 1.6 2.5 2.4 3.0 
LANL2DZ -0.3 1.0 6.8 6.8 0.8 1.9 2.5 3.2 
SDDAll 0.6 1.2 6.5 6.5 1.5 2.3 2.9 3.3 
Average 0.1 1.0 6.7 6.7 1.4 2.3 2.7 3.3 





CEP 31G 1.2 1.8 8.7 8.7 1.5 2.1 3.8 4.2 
CEP-121g 1.2 1.8 3.2 11.8 1.4 2.1 1.9 5.2 
LANL2DZ 1.1 1.9 7.3 7.3 1.1 1.8 3.2 3.7 
SDDAll 1.6 2.0 6.9 6.9 1.8 2.2 3.4 3.7 
Average 1.3 1.8 6.5 8.7 1.4 2.1 3.1 4.2 
Std Dev 0.2 0.1 2.4 2.2 0.3 0.2 2.8 3.5 
 CEP 31G 0.9 1.5     1.6 2.0 1.2 1.8 








Churchill – C  
Bond Lengths 
Beaumier – N 
Bond Lengths 























SDDAll 0.8 1.7     1.1 1.6 0.9 1.7 
CEP-121g 1.0 1.8     1.8 2.0 1.4 1.9 
Average 0.9 1.6     1.5 1.9 1.2 1.8 









s CEP 31G 0.7 1.4 8.2 8.2 -5.5 5.7 1.1 5.1 
CEP-121g 0.7 1.4 5.6 6.4 -5.4 5.7 0.3 4.5 
LANL2DZ 0.5 1.5 6.9 6.9 -5.1 5.6 0.7 4.7 
SDDAll 1.1 1.6 6.5 6.5 -4.8 5.4 0.9 4.5 
Average 0.7 1.5 6.8 7.0 -5.2 5.6 0.8 4.7 
Std Dev 0.6 0.4 29.9 26.0 1.0 0.6 5.2 2.5 
 
A.3.4 Geometry Optimization Bond Angle Comparison Statistics 
Table A.3.4: Bond angle comparison of optimized geometries to the reference crystal structures by 








Churchill – C  
Bond Lengths 
Beaumier – N 
Bond Lengths 
























CEP 31G 0.9 4.1 8.6 2.1 -5.5 5.7 1.3 4.0 
CEP-121g 0.9 4.1 0.6 4.6 -5.4 5.7 -1.3 4.8 
LANL2DZ 0.8 3.9 0.6 5.0 -5.1 5.6 -1.2 4.8 
SDDAll 0.5 3.8 0.5 4.6 -4.8 5.4 -1.3 4.6 
Average 0.8 4.0 2.6 4.1 -5.2 5.6 -0.6 4.5 





CEP 31G 0.9 4.1 0.6 4.9 -5.3 5.3 -1.3 4.8 
CEP-121g 0.9 4.1 0.6 5.0 -5.1 5.4 -1.2 4.8 
LANL2DZ 0.8 3.9 0.5 5.2 -4.8 5.1 -1.1 4.8 
SDDAll 0.9 4.3 0.5 5.0 -4.6 5.0 -1.1 4.7 
Average 0.9 4.1 0.5 5.0 -5.0 5.2 -1.2 4.8 




CEP 31G 0.6 3.7 0.5 3.8 -5.8 6.0 -1.5 4.5 
CEP-121g 0.6 3.7 0.4 4.0 -5.7 6.0 -1.6 4.6 
LANL2DZ 0.6 3.8 0.5 4.0 -5.5 5.7 -1.4 4.5 
SDDAll 1.1 3.8 0.6 3.8 -5.4 5.7 -1.3 4.4 








Churchill – C  
Bond Lengths 
Beaumier – N 
Bond Lengths 
























CEP 31G 1.0 4.2 0.6 4.5 -5.4 5.4 -1.3 4.7 
CEP-121g 1.0 4.2 0.7 4.5 -5.2 5.5 -1.2 4.7 
LANL2DZ 0.9 4.1 0.6 5.1 -4.9 5.4 -1.1 4.8 
SDDAll 1.0 4.4 0.6 4.7 -4.7 5.0 -1.0 4.7 
Average 1.0 4.2 0.6 4.7 -5.1 5.3 -1.2 4.8 





CEP 31G 0.9 4.7 0.6 4.5 -5.7 5.9 -1.4 5.0 
CEP-121g 0.9 4.7 0.6 4.5 -5.5 5.9 -1.3 5.0 
LANL2DZ 0.9 4.7 0.6 4.8 -5.2 5.7 -1.2 5.1 
SDDAll 0.9 4.8 0.6 4.5 -5.0 5.5 -1.2 4.9 
Average 0.9 4.7 0.6 4.6 -5.3 5.7 -1.3 5.0 






CEP 31G 0.8 4.1 0.9 3.5 -4.7 5.8 -1.0 4.5 
CEP-121g 0.8 4.1 0.9 3.6 -5.5 5.8 -1.3 4.5 
LANL2DZ 0.8 3.9 1.0 3.7 -5.3 5.7 -1.2 4.5 
SDDAll 0.8 4.3 0.9 3.5 -5.0 5.4 -1.1 4.4 
Average 0.8 4.1 0.9 3.6 -5.1 5.7 -1.1 4.5 




CEP 31G 0.7 3.2 0.7 4.4 -3.5 5.6 -0.7 4.4 
CEP-121g 0.7 3.2 0.6 4.7 -4.9 5.0 -1.2 4.3 
LANL2DZ -0.2 3.3 0.7 4.4 -4.7 5.5 -1.4 4.4 
SDDAll 0.4 3.5 0.6 4.4 -4.2 5.4 -1.1 4.5 
Average 0.4 3.3 0.6 4.5 -4.3 5.4 -1.1 4.4 





CEP 31G 0.6 4.0 0.1 2.9 -5.8 7.1 -1.7 4.6 
CEP-121g 0.6 4.0 0.2 3.2 -6.6 6.7 -2.0 4.6 
LANL2DZ 0.5 3.8 0.1 2.8 -5.3 5.8 -1.6 4.2 
SDDAll 0.4 4.5 0.1 2.8 -5.9 6.7 -1.8 4.7 
Average 0.5 4.1 0.1 2.9 -5.9 6.6 -1.8 4.5 




CEP 31G 0.7 4.1 0.6 4.7 -5.2 5.4 -1.3 4.7 
CEP-121g 0.7 4.1 0.6 4.8 -5.1 5.5 -1.2 4.8 
LANL2DZ 0.7 4.0 0.6 5.2 -4.6 5.1 -1.1 4.8 
SDDAll 0.8 4.2 0.6 4.9 -4.6 5.2 -1.1 4.7 








Churchill – C  
Bond Lengths 
Beaumier – N 
Bond Lengths 



























CEP 31G 0.9 6.2 0.9 5.5 -4.7 4.6 -1.0 5.4 
CEP-121g 0.9 6.2 0.9 5.2 -4.4 4.9 -0.8 5.4 
LANL2DZ 0.7 5.4 0.8 6.0 -4.0 4.2 -0.9 5.2 
SDDAll 0.8 5.8 0.6 5.3 -3.5 4.0 -0.7 5.0 
Average 0.8 5.9 0.8 5.5 -4.2 4.4 -0.8 5.3 





CEP 31G 0.9 4.2 1.1 4.7 -5.6 5.7 -1.2 4.9 
CEP-121g 0.9 4.2 0.2 9.6 -5.6 5.7 -1.5 6.5 
LANL2DZ 0.8 4.1 0.9 4.8 -5.4 5.4 -1.2 4.8 
SDDAll 0.8 4.1 1.0 4.7 -5.1 5.3 -1.1 4.7 
Average 0.8 4.2 0.8 6.0 -5.4 5.6 -1.3 5.2 




CEP 31G 0.7 4.6     -5.8 6.2 -2.6 5.4 
LANL2DZ 0.7 4.6     -5.9 6.1 -2.6 5.4 
SDDAll 0.6 4.6     -5.4 5.7 -2.4 5.1 
CEP-121g 8.6 12.5     -5.5 5.7 1.5 9.1 
Average 2.6 6.6     -5.6 5.9 -1.5 6.3 









s CEP 31G 0.8 4.3 1.4 4.1 -5.5 5.7 -1.1 4.7 
CEP-121g 0.8 4.3 0.6 4.9 -5.4 5.7 -1.3 5.0 
LANL2DZ 0.7 4.1 0.6 4.7 -5.1 5.6 -1.3 4.8 
SDDAll 1.4 5.0 0.6 4.4 -4.8 5.4 -0.9 4.9 
Average 0.9 4.4 0.8 4.5 -5.2 5.6 -1.2 4.8 
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B.1 Comparisons of Percent Error for Small Molecule Homologs 
B.1.1 Comparisons of Percent Error for Silicon Small Molecule Homologs 
Table B.1.1: Comparisons of percent error for silicon small molecule main group homolog bond dissociation energies with respect to 







Small Molecule Experimental 
Thermodynamic Data 
Small Molecule G4  
Thermodynamic Data 
Small Molecule W1U  
Thermodynamic Data 
% Error % Abs Error % Error % Abs Error % Error % Abs Error 





CEP 31G 16.9 64.0 43.5 41.1 3.9 6.3 5.6 3.8 5.6 6.5 6.7 4.7 
CEP 121G 16.0 63.8 43.6 40.1 3.1 6.2 5.4 3.1 4.8 6.5 6.4 3.8 
LANL2DZ 34.9 81.6 51.2 67.5 18.1 14.2 18.1 14.2 20.1 15.0 20.1 15.0 
SDDAll 21.0 67.5 44.8 47.0 7.1 6.2 7.1 6.2 8.9 6.7 8.9 6.7 
Average 22.2   45.8   8.0   9.1   9.8   10.5   





CEP 31G 7.2 58.3 41.6 29.7 -5.0 2.8 5.0 2.8 -3.5 2.9 3.5 2.9 
CEP 121G 6.3 58.1 41.8 28.7 -5.9 2.7 5.9 2.7 -4.4 2.9 4.4 2.9 
LANL2DZ 26.0 76.3 49.8 55.8 9.6 7.5 9.6 7.5 11.5 8.6 11.5 8.6 
SDDAll 12.2 62.6 43.3 36.5 -1.1 2.9 1.9 2.2 0.6 3.5 2.8 0.8 
Average 12.9   44.1   -0.6   5.6   1.1   5.5   




CEP 31G 20.9 56.8 37.1 42.5 9.7 8.0 9.7 8.0 11.5 7.1 11.5 7.1 
CEP 121G 0.7 79.3 58.8 33.2 -14.1 38.9 25.0 29.6 -12.6 39.7 26.2 28.0 
LANL2DZ 21.1 99.6 67.7 61.0 1.7 45.8 35.8 13.4 3.5 46.9 37.3 11.6 
SDDAll 4.7 80.8 58.5 37.7 -10.2 39.9 26.9 25.7 -8.7 40.7 28.2 24.0 
Average 11.8   55.5   -3.3   24.4   -1.6   25.8   
Std Dev   69.4   40.0   32.5   20.5   33.1   19.4 
 CEP 31G 5.0 54.5 39.9 24.9 -6.1 3.1 6.1 3.1 -4.5 2.7 4.5 2.7 








Small Molecule Experimental 
Thermodynamic Data 
Small Molecule G4  
Thermodynamic Data 
Small Molecule W1U  
Thermodynamic Data 
% Error % Abs Error % Error % Abs Error % Error % Abs Error 




LANL2DZ 22.8 71.8 47.6 50.3 8.0 9.6 10.0 6.1 9.8 10.3 11.2 7.9 
SDDAll 10.2 59.3 41.9 32.3 -1.9 2.6 2.5 1.7 -0.3 2.7 1.9 1.5 
Average 10.4   42.4   -1.8   6.5   -0.2   5.8   





CEP 31G 18.1 58.6 38.4 41.3 6.4 4.6 6.4 4.6 8.1 3.7 8.1 3.7 
CEP 121G 17.2 58.4 38.6 40.2 5.5 4.4 5.5 4.4 7.2 3.4 7.2 3.4 
LANL2DZ 36.4 75.9 46.1 67.5 20.8 7.5 20.8 7.5 22.8 7.9 22.8 7.9 
SDDAll 22.5 62.2 39.7 47.5 10.0 3.8 10.0 3.8 11.8 2.8 11.8 2.8 
Average 23.5   40.7   10.7   10.7   12.5   12.5   





CEP 31G 22.3 68.9 45.5 48.9 8.1 7.4 8.3 7.2 9.9 7.9 9.9 7.9 
CEP 121G 21.4 68.7 45.6 47.8 7.3 7.4 8.0 6.3 9.1 7.9 9.1 7.9 
LANL2DZ 39.9 86.2 53.1 74.8 22.0 15.6 22.0 15.6 24.1 16.5 24.1 16.5 
SDDAll 26.8 73.0 47.1 55.5 11.7 7.8 11.7 7.8 13.5 8.4 13.5 8.4 
Average 27.6   47.8   12.3   12.5   14.2   14.2   




CEP 31G 18.9 54.8 35.8 40.2 8.8 12.1 9.0 11.9 10.5 11.6 10.5 11.6 
CEP 121G -7.3 82.5 60.4 37.6 -20.7 54.7 35.3 42.0 -19.2 55.5 35.5 41.8 
LANL2DZ 37.2 74.3 44.8 67.7 22.8 16.2 22.8 16.2 24.8 16.4 24.8 16.4 
SDDAll 26.3 63.0 39.6 51.5 14.3 11.0 14.3 11.0 16.1 10.7 16.1 10.7 
Average 18.8   45.2   6.3   20.3   8.1   21.7   




L CEP 31G 23.2 34.3 23.2 34.3 19.5 29.5 26.7 19.3 21.2 29.0 26.8 21.1 
CEP 121G 21.5 32.8 21.7 32.6 18.1 29.8 26.7 17.8 19.9 29.3 26.8 19.4 








Small Molecule Experimental 
Thermodynamic Data 
Small Molecule G4  
Thermodynamic Data 
Small Molecule W1U  
Thermodynamic Data 
% Error % Abs Error % Error % Abs Error % Error % Abs Error 
Avg Std Dev Avg Std Dev Avg Std Dev Avg Std Dev Avg Std Dev Avg Std Dev 
SDDAll 28.6 33.0 28.6 33.0 25.8 34.6 31.6 26.4 27.6 34.1 31.7 28.3 
Average 29.8   29.8   25.6   31.0   27.5   31.6   




CEP 31G 26.3 67.7 43.2 53.0 12.7 8.5 12.7 8.5 14.6 8.5 14.6 8.5 
CEP 121G 29.0 64.2 39.8 54.9 17.2 17.8 17.2 17.8 19.1 17.7 19.1 17.7 
LANL2DZ 6.7 99.8 70.3 51.1 -18.1 65.5 44.1 43.3 -16.6 66.7 45.5 41.8 
SDDAll 31.9 71.5 44.3 60.8 17.7 9.8 17.7 9.8 19.6 10.0 19.6 10.0 
Average 23.5   49.4   7.4   22.9   9.2   24.7   







CEP 31G 26.6 65.6 41.3 53.0 13.5 5.8 13.5 5.8 15.4 5.5 15.4 5.5 
CEP 121G 26.6 66.1 41.8 53.1 13.4 6.7 13.4 6.7 15.3 6.5 15.3 6.5 
LANL2DZ 37.7 77.2 46.8 69.3 22.0 9.8 22.0 9.8 24.0 10.2 24.0 10.2 
SDDAll 31.1 70.9 44.1 59.7 16.9 8.8 16.9 8.8 18.8 9.0 18.8 9.0 
Average 30.5   43.5   16.5   16.5   18.4   18.4   





CEP 31G 12.4 60.6 41.6 36.2 -0.3 2.9 2.2 1.2 1.3 2.9 2.6 1.2 
CEP 121G -29.6 23.9 29.6 23.9 -31.3 25.6 31.3 25.6 -30.3 25.6 30.3 25.6 
LANL2DZ 32.5 79.8 50.3 64.5 15.5 7.6 15.5 7.6 17.4 8.7 17.4 8.7 
SDDAll 15.8 67.5 45.5 42.8 1.1 7.2 5.9 1.2 2.8 7.8 6.9 1.0 
Average 7.8   41.7   -3.8   13.7   -2.2   14.3   




CEP 31G 25.8 77.5 50.2 56.8 8.8 8.0 8.8 8.0 10.6 9.2 10.6 9.2 
CEP 121G 39.2 71.2 42.5 68.3 26.1 20.6 26.1 20.6 28.2 20.6 28.2 20.6 
LANL2DZ 46.9 95.9 57.9 86.5 25.9 13.7 25.9 13.7 28.1 15.3 28.1 15.3 








Small Molecule Experimental 
Thermodynamic Data 
Small Molecule G4  
Thermodynamic Data 
Small Molecule W1U  
Thermodynamic Data 
% Error % Abs Error % Error % Abs Error % Error % Abs Error 
Avg Std Dev Avg Std Dev Avg Std Dev Avg Std Dev Avg Std Dev Avg Std Dev 
Average 35.8   50.7   18.5   18.5   20.5   20.5   









s CEP 31G 18.6 51.0 40.1 36.1 6.7 11.5 9.5 9.3 8.4 11.5 10.4 9.7 
CEP 121G 12.1 54.8 42.0 36.5 1.0 26.0 17.3 19.3 2.6 26.3 17.8 19.3 
LANL2DZ 32.3 68.7 52.6 54.2 15.6 26.5 23.8 19.2 17.6 27.0 25.7 19.2 
SDDAll 21.9 56.3 44.1 40.8 8.7 17.0 13.3 13.5 10.5 17.2 14.6 13.7 
Average 21.2   43.5   8.0   10.4   9.8   11.8   
Std Dev   57.9   42.4   21.6   16.6   21.9   16.8 
 
B.1.2 Comparisons of Percent Error for Phosphorus Small Molecule Homologs  
Table B.1.2: Comparisons of percent error for phosphorus small molecule main group homolog bond dissociation energies with respect to 







Beaumier Thermodynamic Small 
Molecule Data - Experimental 
Beaumier Thermodynamic Small 
Molecule Data - G4 
Beaumier Thermodynamic Small 
Molecule Data - W1 
% Error % Abs Error % Error % Abs Error % Error % Abs Error 





CEP 31G -4.5 8.9 5.8 7.7 1.5 0.8 1.5 0.8 0.5 0.2 0.5 0.2 
CEP 121G -4.5 8.9 5.7 7.8 1.5 0.9 1.5 0.9 0.5 0.2 0.5 0.2 
LANL2DZ -3.6 8.6 5.4 7.0 2.6 0.5 2.6 0.5 1.5 0.2 1.5 0.2 
SDDAll -6.8 -6.8 6.8 8.2 -0.9 0.5 0.9 0.5 -1.9 0.3 1.9 0.3 
Average -4.9   5.9   1.2   1.6   0.2   1.1   




P CEP 31G -13.5 6.6 13.5 6.6 -7.9 0.9 7.9 0.9 -8.9 1.5 8.9 1.5 
CEP 121G -13.5 6.6 13.5 6.6 -7.9 1.0 7.9 1.0 -8.8 1.5 8.8 1.5 








Beaumier Thermodynamic Small 
Molecule Data - Experimental 
Beaumier Thermodynamic Small 
Molecule Data - G4 
Beaumier Thermodynamic Small 
Molecule Data - W1 
% Error % Abs Error % Error % Abs Error % Error % Abs Error 
Avg Std Dev Avg Std Dev Avg Std Dev Avg Std Dev Avg Std Dev Avg Std Dev 
SDDAll -15.7 -15.7 15.7 6.0 -10.2 1.4 10.2 1.4 -11.2 1.8 11.2 1.8 
Average -13.8   13.8   -8.3   8.3   -9.2   9.2   




CEP 31G 5.8 12.4 8.9 9.2 12.8 12.8 14.1 10.6 11.7 13.3 14.1 9.2 
CEP 121G 4.8 12.5 9.1 8.2 11.8 13.5 14.3 9.2 10.7 14.0 14.3 8.0 
LANL2DZ 6.7 13.0 10.5 8.5 13.9 14.7 15.9 11.4 12.9 15.2 15.9 10.2 
SDDAll 4.6 4.6 8.0 7.8 11.6 12.1 13.1 9.6 10.6 12.7 13.1 8.3 
Average 5.5   9.1   12.5   14.3   11.5   14.3   




CEP 31G -10.7 10.1 10.7 10.1 -5.2 3.1 5.2 3.1 -6.1 2.5 6.1 2.5 
CEP 121G -10.8 10.1 10.8 10.1 -5.3 3.2 5.3 3.2 -6.2 2.5 6.2 2.5 
LANL2DZ -9.8 9.8 9.8 9.8 -4.1 2.8 4.1 2.8 -5.1 2.1 5.1 2.1 
SDDAll -12.8 -12.8 12.8 9.6 -7.4 2.9 7.4 2.9 -8.3 2.3 8.3 2.3 
Average -11.0   11.0   -5.5   5.5   -6.5   6.5   






CEP 31G -4.9 6.8 5.9 5.5 1.3 2.4 2.1 1.3 0.3 3.1 2.2 1.6 
CEP 121G -4.9 6.8 5.8 5.6 1.3 2.3 2.0 1.4 0.3 3.0 2.1 1.6 
LANL2DZ -4.0 6.5 5.4 4.8 2.3 2.7 2.5 2.4 1.3 3.4 2.6 2.0 
SDDAll -7.2 -7.2 7.2 6.1 -1.2 2.7 2.3 1.2 -2.1 3.4 3.1 2.0 
Average -5.2   6.1   0.9   2.2   -0.1   2.5   





CEP 31G 8.5 9.2 8.5 9.2 16.6 20.6 16.6 20.6 15.5 21.2 15.5 21.2 
CEP 121G -2.8 9.6 6.5 6.4 3.4 1.7 3.4 1.7 2.3 1.0 2.3 1.0 
LANL2DZ -1.0 9.8 7.2 4.5 5.2 1.9 5.2 1.9 4.2 1.1 4.2 1.1 








Beaumier Thermodynamic Small 
Molecule Data - Experimental 
Beaumier Thermodynamic Small 
Molecule Data - G4 
Beaumier Thermodynamic Small 
Molecule Data - W1 
% Error % Abs Error % Error % Abs Error % Error % Abs Error 
Avg Std Dev Avg Std Dev Avg Std Dev Avg Std Dev Avg Std Dev Avg Std Dev 
Average 4.0   10.9   10.6   10.7   9.5   9.6   




CEP 31G 13.4 17.3 17.7 9.9 20.2 8.6 20.2 8.6 18.9 7.8 18.9 7.8 
CEP 121G 12.2 17.2 17.3 8.5 18.9 8.6 18.9 8.6 17.7 7.8 17.7 7.8 
LANL2DZ 14.4 16.4 17.3 11.4 21.2 7.4 21.2 7.4 20.0 6.6 20.0 6.6 
SDDAll 11.1 11.1 16.8 7.3 17.7 8.6 17.7 8.6 16.5 7.8 16.5 7.8 
Average 12.8   17.3   19.5   19.5   18.3   18.3   





CEP 31G 27.5 13.8 27.5 13.8 35.5 3.9 35.5 3.9 34.1 3.8 34.1 3.8 
CEP 121G 26.8 13.6 26.8 13.6 34.8 3.6 34.8 3.6 33.4 3.4 33.4 3.4 
LANL2DZ 29.6 13.9 29.6 13.9 37.7 4.4 37.7 4.4 36.3 4.4 36.3 4.4 
SDDAll 25.4 25.4 25.4 13.3 33.3 3.8 33.3 3.8 31.9 3.8 31.9 3.8 
Average 27.3   27.3   35.3   35.3   33.9   33.9   




CEP 31G 2.8 7.7 5.6 4.9 9.5 4.4 9.5 4.4 8.4 5.0 8.4 5.0 
CEP 121G 2.4 7.7 5.6 4.5 9.0 4.0 9.0 4.0 8.0 4.7 8.0 4.7 
LANL2DZ 4.5 7.4 5.7 6.0 11.3 5.0 11.3 5.0 10.2 5.7 10.2 5.7 
SDDAll 1.6 1.6 5.1 4.2 8.3 4.1 8.3 4.1 7.2 4.8 7.2 4.8 
Average 2.8   5.5   9.5   9.5   8.4   8.4   







CEP 31G 1.3 7.1 4.8 4.3 8.0 5.1 8.0 5.1 6.9 5.8 6.9 5.8 
CEP 121G 1.5 6.9 4.6 4.3 8.1 5.3 8.1 5.3 7.1 6.0 7.1 6.0 
LANL2DZ -0.1 7.9 5.4 4.3 6.3 2.4 6.3 2.4 5.2 3.1 5.2 3.1 
SDDAll -1.5 -1.5 5.2 2.4 4.9 4.5 4.9 4.5 3.9 5.2 4.9 3.6 








Beaumier Thermodynamic Small 
Molecule Data - Experimental 
Beaumier Thermodynamic Small 
Molecule Data - G4 
Beaumier Thermodynamic Small 
Molecule Data - W1 
% Error % Abs Error % Error % Abs Error % Error % Abs Error 
Avg Std Dev Avg Std Dev Avg Std Dev Avg Std Dev Avg Std Dev Avg Std Dev 





CEP 31G -16.2 4.7 16.2 4.7 -10.7 2.9 10.7 2.9 -11.6 3.5 11.6 3.5 
CEP 121G -15.0 5.1 15.0 5.1 -9.5 2.5 9.5 2.5 -10.4 3.1 10.4 3.1 
LANL2DZ -15.1 4.3 15.1 4.3 -9.5 3.6 9.5 3.6 -10.4 4.1 10.4 4.1 
SDDAll -18.1 -18.1 18.1 4.2 -12.6 3.2 12.6 3.2 -13.5 3.7 13.5 3.7 
Average -16.1   16.1   -10.6   10.6   -11.5   11.5   




CEP 31G -23.5 3.6 23.5 3.6 -18.2 8.4 18.2 8.4 -19.0 8.9 19.0 8.9 
CEP 121G -20.4 3.4 20.4 3.4 -15.0 7.4 15.0 7.4 -15.8 8.0 15.8 8.0 
LANL2DZ -21.6 4.1 21.6 4.1 -16.1 9.7 16.1 9.7 -16.9 10.2 16.9 10.2 
SDDAll -24.9 -24.9 24.9 3.3 -19.6 8.5 19.6 8.5 -20.4 9.0 20.4 9.0 
Average -22.6   22.6   -17.2   17.2   -18.0   18.0   









s CEP 31G -0.1 12.8 11.3 6.9 6.4 13.6 11.4 9.7 5.3 13.5 11.1 9.3 
CEP 121G -1.2 12.1 11.0 7.0 5.1 12.8 10.0 9.6 4.0 12.7 9.7 9.3 
LANL2DZ -0.1 12.9 11.1 7.4 6.3 13.6 10.6 10.5 5.3 13.5 10.4 10.2 
SDDAll -1.8 13.2 13.0 7.0 4.5 13.9 11.3 9.1 3.4 13.8 11.4 8.4 
Average -1.7   5.5   4.6   11.8   3.5   11.6   




B.1.3 Comparisons of Percent Error for Sulfur Small Molecule Homologs 
Table B.1.3: Comparisons of percent error for sulfur small molecule main group homolog bond dissociation energies with respect to 







Small Molecule Experimental 
Thermodynamic Data 
Small Molecule G4  
Thermodynamic Data 
Small Molecule W1U  
Thermodynamic Data 
% Error % Abs Error % Error % Abs Error % Error % Abs Error 





CEP 31G -1.3   5.1   1.7   3.4   -1.9   4.6   
CEP 121G -0.9   5.0   2.1   3.2   -1.6   4.5   
LANL2DZ -1.1   4.9   1.9   3.2   -1.8   4.4   
SDDAll -2.0   4.9   1.0   3.2   -2.7   4.4   
Average -1.3   5.0   1.7   3.3   -2.0   4.5   





CEP 31G -12.0   12.0   -9.3   9.3   -12.5   12.5   
CEP 121G -11.6   11.6   -8.9   8.9   -12.2   12.2   
LANL2DZ -12.0   12.0   -9.3   9.3   -12.5   12.5   
SDDAll -12.8   12.8   -10.1   10.1   -13.4   13.4   
Average -12.1   12.1   -9.4   9.4   -12.7   12.7   




CEP 31G 8.8   8.8   12.2   12.2   8.1   8.1   
CEP 121G 9.2   9.2   12.6   12.6   8.5   8.5   
LANL2DZ 9.6   9.6   13.0   13.0   8.8   8.8   
SDDAll 8.6   8.6   12.0   12.0   7.9   7.9   
Average 9.0   9.0   12.4   12.4   8.3   8.3   
Std Dev   2.6   2.6   0.8   0.8   2.1   2.1 
B
LY
P CEP 31G -9.0   9.0   -6.2   6.2   -9.6   9.6   
CEP 121G -8.6   8.6   -5.8   5.8   -9.2   9.2   








Small Molecule Experimental 
Thermodynamic Data 
Small Molecule G4  
Thermodynamic Data 
Small Molecule W1U  
Thermodynamic Data 
% Error % Abs Error % Error % Abs Error % Error % Abs Error 
Avg Std Dev Avg Std Dev Avg Std Dev Avg Std Dev Avg Std Dev Avg Std Dev 
SDDAll -10.0   10.0   -7.3   7.3   -10.6   10.6   
Average -9.1   9.1   -6.4   6.4   -9.7   9.7   





CEP 31G -2.8   5.5   0.2   3.8   -3.4   5.0   
CEP 121G -2.5   5.2   0.5   3.5   -3.1   4.7   
LANL2DZ 0.6   4.1   3.7   3.7   -0.1   3.5   
SDDAll -0.4   4.1   2.6   2.6   -1.1   3.6   
Average -1.3   4.7   1.8   3.4   -1.9   4.2   





CEP 31G 0.6   4.3   3.7   3.7   -0.1   3.8   
CEP 121G 0.9   4.1   4.1   4.1   0.3   3.6   
LANL2DZ -1.7   5.3   1.3   3.6   -2.4   4.8   
SDDAll -3.7   5.3   -0.7   3.6   -4.3   4.8   
Average -1.0   4.7   2.1   3.7   -1.6   4.2   




CEP 31G 12.5   16.8   15.7   15.7   11.7   16.2   
CEP 121G 12.4   16.6   15.6   15.6   11.6   15.9   
LANL2DZ 11.3   16.7   14.5   15.1   10.5   16.0   
SDDAll 11.9   16.0   15.2   15.2   11.2   15.4   
Average 12.0   16.5   15.3   15.4   11.2   15.9   





CEP 31G 29.7   29.7   33.6   33.6   28.9   28.9   
CEP 121G 29.8   29.8   33.7   33.7   28.9   28.9   
LANL2DZ 31.5   31.5   35.4   35.4   30.6   30.6   








Small Molecule Experimental 
Thermodynamic Data 
Small Molecule G4  
Thermodynamic Data 
Small Molecule W1U  
Thermodynamic Data 
% Error % Abs Error % Error % Abs Error % Error % Abs Error 
Avg Std Dev Avg Std Dev Avg Std Dev Avg Std Dev Avg Std Dev Avg Std Dev 
Average 30.0   30.0   33.9   33.9   29.2   29.2   




CEP 31G 5.9   5.9   9.2   9.2   5.2   5.2   
CEP 121G 6.1   6.1   9.4   9.4   5.4   5.4   
LANL2DZ 5.8   5.8   9.0   9.0   5.1   5.1   
SDDAll 4.7   4.7   7.9   7.9   4.0   4.0   
Average 5.6   5.6   8.9   8.9   4.9   4.9   







CEP 31G 6.0   6.0   9.3   9.3   5.3   5.3   
CEP 121G 6.3   6.3   9.6   9.6   5.6   5.6   
LANL2DZ 1.3   5.3   4.4   4.4   0.6   4.8   
SDDAll 4.3   4.3   7.6   7.6   3.7   3.7   
Average 4.5   5.5   7.7   7.7   3.8   4.8   





CEP 31G -15.0   15.0   -12.3   12.3   -15.5   15.5   
CEP 121G -13.7   13.7   -11.0   11.0   -14.3   14.3   
LANL2DZ -14.9   14.9   -12.3   12.3   -15.5   15.5   
SDDAll -15.2   15.2   -12.6   12.6   -15.8   15.8   
Average -14.7   14.7   -12.1   12.1   -15.3   15.3   




CEP 31G Avg std dev Avg std dev Avg std dev Avg std dev Avg std dev Avg std dev 
CEP 121G -19.2   19.2   -16.6   16.6   -19.7   19.7   
LANL2DZ -16.2   16.2   -13.6   13.6   -16.8   16.8   
SDDAll -18.6   18.6   -16.0   16.0   -19.1   19.1   








Small Molecule Experimental 
Thermodynamic Data 
Small Molecule G4  
Thermodynamic Data 
Small Molecule W1U  
Thermodynamic Data 
% Error % Abs Error % Error % Abs Error % Error % Abs Error 
Avg Std Dev Avg Std Dev Avg Std Dev Avg Std Dev Avg Std Dev Avg Std Dev 










CEP 31G   1.3   1.3   1.8   1.8   1.2   1.2 
CEP 121G 1.5 15.1 11.4 9.8 4.6 14.9 11.5 10.3 0.8 14.8 11.1 9.6 
LANL2DZ 2.1 14.6 11.0 9.5 5.2 14.3 11.1 10.2 1.4 14.3 10.7 9.3 
SDDAll 1.3 15.3 11.4 9.9 4.4 15.0 11.1 10.8 0.7 15.0 11.1 9.8 
Average 0.8 14.8 11.0 9.7 3.9 14.6 11.0 10.1 0.1 14.5 10.7 9.6 
Std Dev 0.3   11.3   3.2   10.4   -0.4   11.0   
   14.6   9.2   13.8   9.6   14.3   9.1 
 
161 
B.2 DFT/MP2 BDEs Comparisons to CCSD(T) BDEs 
B.2.1 Comparisons of SiSi and WSi BDEs to CCSD(T) BDEs 
Table B.2.1: Comparisons of silicon-silicon bond enthalpies and tungsten-silicon bond enthalpies by 








Small Molecule Orca QZ Organometallic Orca QZ 
% Error % Abs Err % Error % Abs Err 





CEP 31G -9.9 44.3 35.4 15.1 -2.6 18.6 13.4 9.2 
CEP-121g -10.7 43.8 35.3 14.7 41.3 44.2 41.3 44.2 
LANL2DZ -0.2 41.8 29.8 20.4 0.2 18.1 13.9 6.2 
SDDAll -7.2 45.3 35.4 15.8 -11.7 18.3 11.7 18.3 
Average -7.0   34.0   6.8   20.1   





CEP 31G -15.6 48.3 41.5 10.9 -7.6 17.9 11.1 14.9 
CEP-121g -16.4 47.7 41.3 11.1 -9.1 44.2 10.6 15.9 
LANL2DZ -5.6 45.4 35.6 14.3 -4.9 17.0 11.4 11.4 
SDDAll -12.4 49.3 41.2 10.7 -6.9 17.7 11.2 14.1 
Average -12.5   39.9   -7.1   11.1   




CEP 31G -0.9 60.0 44.8 24.4 17.4 25.4 23.0 17.4 
CEP-121g -35.9 16.8 35.9 16.8 17.2 23.9 22.0 17.0 
LANL2DZ -24.5 16.9 24.5 16.9 19.7 23.2 23.1 18.0 
SDDAll -32.6 17.9 32.6 17.9 9.5 23.0 19.2 10.4 
Average -23.5   34.5   16.0   21.8   




CEP 31G -17.2 44.3 38.3 14.6 -12.6 18.5 12.6 18.5 
CEP-121g -18.4 43.5 38.0 15.1 -14.2 18.2 14.2 18.2 
LANL2DZ -7.6 41.8 32.7 15.1 -10.0 18.0 11.9 16.1 
SDDAll -14.0 45.2 37.9 13.3 -11.7 18.3 11.7 18.3 
Average -14.3   36.8   -12.1   12.6   





CEP 31G -5.4 53.2 40.9 19.0 7.1 25.0 18.7 13.3 
CEP-121g -6.2 52.5 40.7 18.2 4.2 23.8 17.2 12.2 
LANL2DZ 4.6 50.8 35.4 27.1 10.1 23.1 19.1 11.7 








Small Molecule Orca QZ Organometallic Orca QZ 
% Error % Abs Err % Error % Abs Err 
Avg Std Dev Avg Std Dev Avg Std Dev Avg Std Dev 
Average -2.4   39.4   7.2   18.4   






CEP 31G -6.7 44.5 34.5 16.2 2.4 18.6 15.0 4.1 
CEP-121g -7.5 44.1 34.5 15.6 1.1 18.1 14.3 5.0 
LANL2DZ 2.8 42.1 29.0 22.8 5.3 17.8 15.5 0.5 
SDDAll -3.9 45.5 34.4 17.7 3.0 18.4 15.0 3.8 
Average -3.8   33.1   3.0   14.9   




CEP 31G -4.3 49.8 36.3 23.0 -8.9 20.1 13.2 16.1 
CEP-121g -45.6 32.7 45.6 32.7 -9.7 19.5 12.9 16.5 
LANL2DZ 4.7 46.0 31.5 25.8 -6.2 18.0 11.8 13.2 
SDDAll -0.5 49.5 35.0 24.7 -9.1 18.5 12.3 15.4 
Average -11.4   37.1   -8.5   12.6   





CEP 31G 8.2 64.1 45.7 32.7 12.2 28.4 24.5 11.3 
CEP-121g 7.3 64.2 45.4 33.2 11.3 28.1 24.0 10.6 
LANL2DZ 22.3 63.4 52.4 25.3 16.9 27.4 26.4 11.6 
SDDAll 13.7 66.8 50.5 30.3 11.7 26.8 23.8 8.6 
Average 12.9   48.5   13.0   24.7   




CEP 31G -2.3 47.5 34.8 21.1 3.8 21.2 17.6 2.7 
CEP-121g 0.7 46.0 31.0 26.0 3.7 22.3 18.2 4.6 
LANL2DZ -19.9 90.5 73.6 25.6 -0.5 33.1 25.3 11.5 
SDDAll 1.6 48.3 33.9 24.7 5.2 21.1 18.0 1.2 
Average -5.0   43.3   3.1   19.8   







CEP 31G -0.5 51.7 37.7 23.2 10.9 21.8 19.6 8.9 
CEP-121g -0.9 50.5 36.8 22.7 8.6 20.6 18.4 5.1 
LANL2DZ 5.0 49.2 33.7 27.5 10.8 20.9 19.3 7.3 
SDDAll 1.2 48.8 34.6 24.2 8.0 20.1 17.9 4.4 
Average 1.2   35.7   9.6   18.8   
Std Dev   42.8   21.0   17.8   5.7 
 CEP 31G -11.3 50.9 42.0 12.0 11.0 22.5 20.8 6.1 








Small Molecule Orca QZ Organometallic Orca QZ 
% Error % Abs Err % Error % Abs Err 





LANL2DZ -0.5 48.0 35.8 19.4 11.8 20.8 19.9 6.7 
SDDAll -10.2 52.4 43.3 10.0 15.8 22.6 22.5 11.4 
Average -15.8   40.5   7.4   18.5   




CEP 31G -5.0 50.9 40.3 13.9 58.0 32.8 58.0 32.8 
CEP-121g 7.6 47.3 34.7 22.8 60.0 32.3 60.0 32.3 
LANL2DZ 7.1 48.6 34.1 26.3 54.8 29.0 54.8 29.0 
SDDAll -1.9 50.2 38.6 17.0 53.5 29.3 53.5 29.3 
Average 2.0   36.9   56.6   56.6   










CEP 31G -5.9 42.9 39.4 16.8 7.6 26.1 20.6 17.4 
CEP-121g -13.9 41.0 38.4 19.2 8.8 29.8 22.0 21.7 
LANL2DZ -1.0 27.0 37.3 22.8 9.0 25.2 21.0 16.2 
SDDAll -5.7 42.0 38.2 17.2 6.2 25.0 19.6 16.3 
Average -6.6   38.3   7.9   20.8   
Std Dev   42.3   19.0   26.3   17.9 
 
B.2.2 Comparisons of PP and WP BDEs to CCSD(T) BDEs 
Table B.2.2: Comparisons of phosphorus-phosphorus bond enthalpies and tungsten-phosphorus 








Beaumier Thermodynamic Small 
Molecule CCSD(T) Orca Calcs 
Beaumier Thermodynamic 
Organometallic CCSD(T) Orca Calcs 
% Error % Abs Err % Error % Abs Err 





CEP 31G -2.1 6.5 5.1 3.0 5.0 15.9 10.6 11.6 
CEP-121g -2.1 6.6 5.3 2.9 3.9 16.8 11.5 11.3 
LANL2DZ -1.1 6.3 4.8 2.7 5.0 16.2 11.4 11.1 
SDDAll -4.4 6.1 5.8 4.0 3.0 16.6 11.3 10.7 
Average -2.4   5.2   4.2   11.2   
Std Dev   5.6   2.8   14.7   10.0 








Beaumier Thermodynamic Small 
Molecule CCSD(T) Orca Calcs 
Beaumier Thermodynamic 
Organometallic CCSD(T) Orca Calcs 
% Error % Abs Err % Error % Abs Err 





CEP-121g -11.2 4.9 11.2 4.9 -3.0 19.8 16.1 7.5 
LANL2DZ -10.4 4.6 10.4 4.6 -2.3 18.8 14.9 8.1 
SDDAll -13.5 4.6 13.5 4.6 -3.8 19.2 16.1 6.4 
Average -11.6   11.6   -2.8   15.5   




CEP 31G 8.3 7.1 8.3 7.1 11.1 21.1 13.2 19.4 
CEP-121g 7.3 7.7 8.3 6.1 9.2 21.8 13.1 18.9 
LANL2DZ 9.3 8.6 9.7 8.0 11.6 21.6 14.9 18.7 
SDDAll 7.2 6.3 7.2 6.3 9.4 21.7 13.4 18.7 
Average 8.0   8.9   10.3   13.6   




CEP 31G -8.4 8.4 8.5 8.3 -2.1 17.7 12.6 10.3 
CEP-121g -8.5 8.5 8.6 8.4 -3.2 19.2 13.8 11.2 
LANL2DZ -7.5 8.1 8.1 7.2 -2.5 18.7 13.4 10.8 
SDDAll -10.6 8.1 10.6 8.1 -3.9 18.5 13.7 10.6 
Average -8.8   8.9   -2.9   13.4   






CEP 31G -2.4 3.4 3.2 2.3 6.5 15.5 9.5 13.2 
CEP-121g -2.4 3.5 3.3 2.2 5.6 16.3 10.8 12.4 
LANL2DZ -1.5 3.3 2.9 1.2 6.3 15.5 10.2 12.4 
SDDAll -4.8 3.0 4.8 3.0 4.3 16.0 10.2 11.9 
Average -2.8   3.5   5.7   10.2   





CEP 31G 11.8 14.6 12.2 14.2 7.8 23.8 15.1 18.6 
CEP-121g -0.3 7.5 5.3 3.9 3.2 18.5 12.5 12.1 
LANL2DZ 1.5 7.8 5.4 4.5 4.5 17.8 12.5 11.6 
SDDAll 13.5 19.9 19.8 9.1 4.2 18.3 13.9 10.0 
Average 6.7   9.8   5.0   15.9   




CEP 31G 16.1 14.2 16.1 14.2 5.8 21.9 15.2 14.6 
CEP-121g 14.9 14.3 15.4 13.6 -1.2 23.3 16.9 12.8 
LANL2DZ 17.1 13.0 17.1 13.0 5.1 21.9 15.7 13.6 
SDDAll 13.8 14.3 15.0 12.3 2.9 22.5 15.9 13.4 








Beaumier Thermodynamic Small 
Molecule CCSD(T) Orca Calcs 
Beaumier Thermodynamic 
Organometallic CCSD(T) Orca Calcs 
% Error % Abs Err % Error % Abs Err 
Avg Std Dev Avg Std Dev Avg Std Dev Avg Std Dev 





CEP 31G 30.6 8.4 30.6 8.4 15.0 17.5 15.2 17.2 
CEP-121g 30.0 8.5 30.0 8.5 13.3 17.8 15.3 15.5 
LANL2DZ 32.8 8.1 32.8 8.1 15.8 17.2 17.3 15.3 
SDDAll 28.5 7.8 28.5 7.8 12.2 17.9 15.1 14.6 
Average 30.5   30.5   14.1   15.7   




CEP 31G 5.4 2.3 5.4 2.3 10.6 19.0 13.8 16.0 
CEP-121g 5.0 2.5 5.0 2.5 9.1 20.4 14.1 16.3 
LANL2DZ 7.1 1.6 7.1 1.6 9.5 19.6 14.2 15.4 
SDDAll 4.3 2.2 4.3 2.2 9.7 19.7 14.8 15.0 
Average 5.5   5.5   9.7   14.2   







CEP 31G 3.9 1.3 3.9 1.3 5.0 20.0 13.0 14.4 
CEP-121g 4.1 1.1 4.1 1.1 3.8 20.5 13.6 14.0 
LANL2DZ 2.4 3.8 3.5 2.3 3.8 21.7 15.2 13.5 
SDDAll 1.0 1.6 1.4 1.0 1.7 21.2 14.2 13.4 
Average 2.9   3.2   3.6   14.0   





CEP 31G -14.0 3.0 14.0 3.0 16.7 30.9 18.5 29.5 
CEP-121g -12.8 3.5 12.8 3.5 16.3 31.9 19.6 29.4 
LANL2DZ -12.8 2.8 12.8 2.8 13.3 29.5 18.1 25.9 
SDDAll -15.9 3.1 15.9 3.1 13.8 29.1 18.0 25.8 
Average -13.9   13.9   15.0   18.5   




CEP 31G -21.4 3.8 21.4 3.8 62.8 78.5 62.8 78.5 
CEP-121g -18.3 2.8 18.3 2.8 63.6 79.6 63.6 79.6 
LANL2DZ -19.4 4.9 19.4 4.9 55.7 73.9 55.7 73.9 
SDDAll -22.8 4.1 22.8 4.1 62.4 80.6 62.4 80.6 
Average -20.5   20.5   61.1   61.1   









CEP 31G 2.5 13.1 10.6 7.8 6.4 6.0 13.7 2.4 
CEP-121g 1.3 12.4 9.8 7.7 4.5 6.4 14.3 2.5 








Beaumier Thermodynamic Small 
Molecule CCSD(T) Orca Calcs 
Beaumier Thermodynamic 
Organometallic CCSD(T) Orca Calcs 
% Error % Abs Err % Error % Abs Err 
Avg Std Dev Avg Std Dev Avg Std Dev Avg Std Dev 
SDDAll 0.7 13.5 11.4 8.0 4.1 5.9 14.2 2.2 
Average 0.8   11.5   10.5   18.1   
Std Dev   14.9   9.5   30.7   26.9 
 
B.2.3 Comparisons of SS and WS BDEs to CCSD(T) BDEs 
Table B.2.3: Comparisons of sulfur-sulfur bond enthalpies and tungsten-sulfur bond enthalpies by 








Small Molecule Orca QZ Organometallic Orca QZ 
% Error % Abs Err % Error % Abs Err 





CEP 31G 1.2  5.3   4.6   4.6   
CEP-121g 1.6  5.1   4.3   4.3   
LANL2DZ 1.3  5.0   5.7   5.7   
SDDAll 0.4  5.0   5.4   5.4   
Average 1.1   5.1   5.0   5.0   





CEP 31G -9.8  9.8   -14.1   14.1   
CEP-121g -9.4  9.4   -14.4   14.4   
LANL2DZ -9.7  9.7   -17.8   17.8   
SDDAll -10.6  10.6   -13.4   13.4   
Average -9.9   9.9   -14.9   14.9   




CEP 31G 11.6  11.6   11.0   11.0   
CEP-121g 11.9  11.9   11.2   11.2   
LANL2DZ 12.3  12.3   12.2   12.2   
SDDAll 11.3  11.3   12.0   12.0   
Average 11.8   11.8   11.6   11.6   
Std Dev   2.7   2.7   6.3   6.3 
B
LY
P CEP 31G -6.7  6.7   -2.5   3.8   
CEP-121g -6.3  6.3   -3.1   4.2   








Small Molecule Orca QZ Organometallic Orca QZ 
% Error % Abs Err % Error % Abs Err 
Avg Std Dev Avg Std Dev Avg Std Dev Avg Std Dev 
SDDAll -7.8  7.8   4.2   4.2   
Average -6.8   6.8   -3.2   6.0   





CEP 31G -0.3  5.6   2.3   2.3   
CEP-121g 0.0  5.3   1.9   1.9   
LANL2DZ 3.1  4.2   9.9   9.9   
SDDAll 2.1  4.2   8.7   8.7   
Average 1.2   4.8   5.7   5.7   





CEP 31G 3.1  4.4   8.6   8.6   
CEP-121g 3.5  4.2   8.2   8.2   
LANL2DZ 0.7  5.4   2.2   2.2   
SDDAll -1.3  5.4   2.4   2.4   
Average 1.5   4.9   5.3   5.3   




CEP 31G 15.3  17.3   10.9   10.9   
CEP-121g 15.2  17.0   10.2   10.2   
LANL2DZ 14.1  17.1   5.4   5.4   
SDDAll 14.8  16.4   9.8   9.8   
Average 14.8   17.0   9.1   9.1   





CEP 31G 33.0  33.0   38.8   38.8   
CEP-121g 33.1  33.1   38.4   38.4   
LANL2DZ 34.8  34.8   39.9   39.9   
SDDAll 32.3  32.3   37.9   37.9   
Average 33.3   33.3   38.7   38.7   




CEP 31G 8.5  8.5   12.1   12.1   
CEP-121g 8.8  8.8   11.7   11.7   
LANL2DZ 8.4  8.4   13.7   13.7   
SDDAll 7.3  7.3   12.2   12.2   
Average 8.3   8.3   12.4   12.4   
Std Dev   3.9   3.9   3.9   3.9 








Small Molecule Orca QZ Organometallic Orca QZ 
% Error % Abs Err % Error % Abs Err 







CEP-121g 8.9  8.9   20.5   20.5   
LANL2DZ 3.9  5.4   14.8   14.8   
SDDAll 7.0  7.0   18.8   18.8   
Average 7.1   7.5   18.9   18.9   





CEP 31G -12.8  12.8   -1.7   3.6   
CEP-121g -11.5  11.5   -0.3   3.7   
LANL2DZ -12.8  12.8   -3.1   3.1   
SDDAll -13.1  13.1   0.9   3.1   
Average -12.6   12.6   -1.1   3.4   




CEP 31G -17.1  17.1   34.6   34.6   
CEP-121g -14.1  14.1   38.7   38.7   
LANL2DZ -16.5  16.5   33.9   33.9   
SDDAll -16.5  16.5   40.3   40.3   
Average -16.1   16.1   36.9   36.9   










CEP 31G 4.0 15.5 11.9 10.5 12.7 14.8 13.8 13.7 
CEP-121g 4.6 14.9 11.5 10.3 12.9 15.3 13.9 14.3 
LANL2DZ 3.9 15.7 11.7 10.9 11.2 15.7 13.9 13.2 
SDDAll 3.3 15.2 11.5 10.2 13.9 14.3 14.1 14.1 
Average 2.8   11.5   10.4   14.0   
Std Dev   15.0   10.0   16.1   13.1 
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B.3 Calculated BDEs 
B.3.1 Calculated BDEs for WSi Bonds, SiSi Bonds, and Comparison of Optimized Geometries 
Table B.3.1 Calculated bond dissociation enthalpies for tungsten-silicon bonds, silicon-silicon bonds, and comparison of optimized geometries to average tungsten-silicon bond lengths 






Churchill Si Complex Silicon Analog 
Chuchill Bond Lengths 
σ π 2nd π σ π 2nd π 
ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG % Error Std Dev 
% Abs 





CEP 31G 56.5 42.0 7.6 8.2 25.5 27.2 -67.7 -55.2 16.3 16.2 -3.9 -7.1 -2.9 4.1 4.0 2.2 
CEP 121G 55.4 40.8 8.1 8.6 25.6 27.3 -67.1 -54.6 16.0 16.0 -3.7 -6.8 -2.9 4.2 4.1 2.2 
LANL2DZ 56.2 41.4 10.8 11.2 27.0 28.8 -70.7 -57.9 8.9 8.4 -2.2 -5.0 -3.4 4.4 4.4 2.7 
SDDAll 56.8 42.2 7.8 8.4 25.1 27.0 -69.7 -57.1 16.1 16.0 -3.0 -5.5 -2.7 4.2 4.0 2.1 
Average 56.2 41.6 8.6 9.1 25.8 27.6 -68.8 -56.2 14.3 14.2 -3.2 -6.1 -3.0   4.1   





CEP 31G 54.7 39.2 5.9 7.6 22.6 24.1 -68.0 -55.3 21.3 21.2 0.3 -3.2 -2.8 4.6 4.4 2.0 
CEP 121G 53.1 38.5 6.8 7.3 22.9 24.7 -67.2 -54.7 20.7 21.0 0.5 -3.9 -2.8 4.7 4.5 1.9 
LANL2DZ 54.3 39.2 9.3 10.2 24.0 26.0 -71.0 -58.0 13.3 12.8 2.4 -0.6 -3.3 4.9 4.8 2.5 
SDDAll 55.1 39.9 6.4 7.8 22.1 23.7 -70.1 -57.3 20.7 20.7 1.3 -1.7 -2.6 4.7 4.4 1.8 
Average 54.3 39.2 7.1 8.2 22.9 24.6 -69.1 -56.3 19.0 18.9 1.1 -2.4 -2.9   4.5   




CEP 31G 73.9 56.8 3.3 4.1 21.3 24.7 -81.2 -68.0 31.4 30.2 -6.2 -7.5 -4.6 1.4 4.6 1.4 
CEP 121G 73.0 56.7 5.2 6.5 20.3 23.0 -28.7 -15.2 -22.4 -23.8 -5.7 -8.2 -4.6 1.4 4.6 1.4 
LANL2DZ 73.2 56.0 6.9 8.3 22.6 25.6 -33.9 -21.7 -29.0 -29.2 -2.2 -5.0 -5.0 1.9 5.0 1.9 
SDDAll 68.1 53.5 3.9 4.4 21.1 24.5 -30.7 -18.0 -21.8 -22.4 -7.0 -8.4 -3.6 3.7 4.0 3.0 
Average 72.1 55.7 4.8 5.8 21.3 24.5 -43.6 -30.7 -10.5 -11.3 -5.3 -7.3 -4.4   4.5   
Std Dev 2.7 1.5 3.1 2.5 4.2 3.1 25.1 25.0 37.7 37.4 45.4 45.0   2.1   1.8 
 CEP 31G 51.1 36.3 4.5 5.2 25.8 27.5 -64.4 -51.8 19.2 19.1 -3.9 -7.1 -1.3 4.9 4.2 0.5 







Churchill Si Complex Silicon Analog 
Chuchill Bond Lengths 
σ π 2nd π σ π 2nd π 
ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG % Error Std Dev 
% Abs 




LANL2DZ 50.7 36.6 7.9 8.0 27.1 29.0 -67.4 -54.6 11.9 11.6 -2.2 -5.2 -2.6 4.9 4.6 1.7 
SDDAll 51.7 37.2 4.9 5.1 25.2 27.6 -66.6 -53.8 18.5 18.3 -2.7 -6.5 -1.1 5.0 4.2 0.6 
average 50.8 36.3 5.6 6.1 26.1 28.0 -65.5 -52.7 17.1 16.9 -3.2 -6.6 -1.7   4.3   





CEP 31G 68.9 53.6 0.7 2.6 18.6 20.0 -75.1 -63.1 25.2 25.8 -5.6 -8.3 -4.3 2.1 4.3 2.1 
CEP 121G 66.6 52.8 1.3 2.8 18.8 20.3 -74.3 -62.8 24.7 25.8 -5.3 -8.6 -3.7 3.5 3.8 3.3 
LANL2DZ 68.9 54.0 4.0 6.0 19.6 20.1 -78.3 -65.8 17.9 18.0 -3.8 -6.8 -4.8 2.7 4.8 2.7 
SDDAll 69.0 54.7 0.9 1.4 18.4 19.2 -76.9 -64.5 24.7 25.1 -4.9 -7.9 -4.2 2.2 4.2 2.2 
Average 68.3 53.8 1.7 3.2 18.9 19.9 -76.2 -64.1 23.1 23.7 -4.9 -7.9 -4.2   4.3   





CEP 31G 60.0 46.2 8.4 8.9 23.7 25.8 -69.4 -57.0 15.0 15.0 -3.0 -6.1 -3.1 3.9 3.9 2.5 
CEP 121G 58.7 44.5 9.0 9.7 23.9 25.8 -68.8 -56.5 14.7 14.9 -2.9 -6.2 -3.1 4.0 4.0 2.4 
LANL2DZ 59.9 45.8 11.6 11.7 25.2 27.8 -72.3 -59.5 7.7 7.2 -1.3 -3.8 -3.6 4.2 4.3 3.0 
SDDAll 60.4 46.6 8.7 9.2 23.1 25.8 -71.4 -58.9 14.5 14.5 -1.9 -4.4 -3.0 4.0 4.0 2.4 
Average 59.8 45.8 9.4 9.9 23.9 26.3 -70.5 -58.0 13.0 12.9 -2.3 -5.1 -3.2   4.1   




CEP 31G 55.4 39.9 2.3 3.0 24.3 26.7 -72.5 -60.5 23.3 22.9 -12.6 -14.3 -1.4 3.8 3.4 0.4 
CEP 121G 54.5 40.6 3.0 2.9 24.1 27.1 -12.3 -1.5 -36.2 -35.0 -12.9 -15.3 -1.4 3.9 3.5 0.5 
LANL2DZ 54.5 38.0 7.1 10.7 24.6 25.0 -74.4 -62.2 14.2 14.2 -10.0 -11.4 -2.0 4.1 3.8 0.9 
SDDAll 54.5 39.7 4.5 3.8 22.5 26.0 -74.4 -63.5 20.6 21.4 -10.2 -11.4 -1.1 3.9 3.4 0.3 
Average 54.7 39.6 4.2 5.1 23.9 26.2 -58.4 -46.9 5.5 5.9 -11.4 -13.1 -1.5   3.5   




L CEP 31G 71.5 55.9 -2.7 -0.3 29.1 32.2 -84.2 -71.9 40.2 39.6 -30.7 -32.7 -2.9 3.6 3.7 2.3 
CEP 121G 70.8 54.7 -2.6 0.7 29.0 30.9 -83.8 -71.6 40.8 40.3 -30.9 -32.5 -3.0 3.6 3.7 2.4 







Churchill Si Complex Silicon Analog 
Chuchill Bond Lengths 
σ π 2nd π σ π 2nd π 
ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG % Error Std Dev 
% Abs 
Error Std Dev 
SDDAll 69.5 56.0 -0.5 0.0 30.5 33.2 -87.3 -75.0 42.3 41.2 -35.8 -37.1 -2.9 3.6 3.7 2.3 
Average 70.8 55.7 -1.2 0.8 30.6 33.4 -85.9 -73.3 39.2 38.3 -33.1 -34.9 -3.0   3.8   




CEP 31G 60.7 47.0 6.3 6.8 29.0 31.2 -72.9 -60.0 17.7 17.4 -6.1 -7.3 -3.9 3.6 4.0 3.4 
CEP 121G 58.7 44.8 7.3 7.7 33.9 36.0 -71.7 -58.9 16.9 16.9 -14.3 -16.3 -3.8 3.8 4.1 3.3 
LANL2DZ 71.4 56.3 0.9 2.8 -9.3 -6.1 -88.4 -74.9 33.4 32.1 51.7 49.9 -4.3 4.0 4.4 3.8 
SDDAll 61.3 47.3 6.8 8.1 29.1 30.8 -75.1 -62.7 17.2 17.7 -6.4 -8.5 -3.7 3.7 4.0 3.2 
Average 63.0 48.8 5.3 6.3 20.7 23.0 -77.0 -64.1 21.3 21.0 6.2 4.4 -3.9   4.1   







CEP 31G 67.4 53.9 6.0 7.2 23.3 25.3 -76.3 -63.7 21.8 22.2 -6.1 -8.2 -3.6 4.0 4.2 3.0 
CEP 121G 64.5 50.2 7.4 8.2 24.9 26.8 -75.3 -62.4 20.6 20.3 -6.2 -8.6 -3.5 4.3 4.4 2.7 
LANL2DZ 66.1 51.5 7.5 9.3 24.7 26.4 -77.4 -66.4 16.2 18.1 -4.6 -6.1 -4.1 4.2 4.5 3.5 
SDDAll 63.9 49.4 7.9 9.5 24.8 26.0 -75.3 -61.7 17.8 17.0 -6.0 -8.3 -3.5 4.1 4.2 3.0 
Average 65.5 51.2 7.2 8.5 24.4 26.1 -76.1 -63.5 19.1 19.4 -5.7 -7.8 -3.7   4.3   





CEP 31G 66.0 53.1 5.9 6.4 28.5 31.3 -71.5 -58.8 22.6 22.3 -0.1 -3.1 -2.4 4.1 3.9 1.7 
CEP 121G 69.3 53.9 6.6 6.5 28.8 31.5 -38.5 -26.2 12.5 12.6 -23.6 -26.9 -3.8 1.7 3.8 1.7 
LANL2DZ 64.3 50.0 9.7 10.4 29.1 32.2 -74.9 -61.8 14.4 13.3 2.1 -0.2 -3.1 4.6 4.5 2.3 
SDDAll 68.7 53.0 7.2 7.5 28.4 31.2 -73.3 -60.5 21.5 21.3 5.1 46.8 -3.7 1.8 3.7 1.8 
Average 67.0 52.5 7.4 7.7 28.7 31.6 -64.5 -51.8 17.8 17.4 -4.1 4.1 -3.3   4.0   




CEP 31G 99.3 84.5 6.6 5.1 25.0 27.9 -74.9 -62.5 17.1 16.6 6.8 4.7 -3.4 1.0 3.4 1.0 
CEP 121G 100.2 85.3 7.9 6.0 24.0 27.5 -75.4 -62.9 15.7 15.5 6.2 3.5 -3.8 1.1 3.8 1.1 
LANL2DZ 94.7 80.3 10.2 8.8 26.3 30.2 -79.3 -65.8 9.8 8.3 7.6 5.8 -4.2 1.7 4.2 1.7 







Churchill Si Complex Silicon Analog 
Chuchill Bond Lengths 
σ π 2nd π σ π 2nd π 
ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG % Error Std Dev 
% Abs 
Error Std Dev 
Average 97.2 82.5 8.5 6.9 25.3 28.7 -76.4 -63.6 14.5 13.8 6.8 4.5 -3.8   3.8   









s CEP 31G 65.4 50.7 4.6 5.4 24.7 27.0 -73.2 -60.7 22.6 22.4 -5.9 -8.4 -3.0 3.2 4.0 1.8 
CEP 121G 64.5 49.8 5.4 6.1 25.2 27.4 -60.6 -48.2 11.9 11.9 -8.6 -11.4 -3.2 3.1 4.0 1.8 
LANL2DZ 65.5 50.5 7.2 8.3 22.9 25.2 -73.0 -60.3 12.7 12.2 0.2 -2.1 -3.6 3.4 4.5 2.2 
SDDAll 64.4 49.9 5.7 6.1 24.7 27.0 -70.6 -58.0 17.3 17.1 -5.4 -4.1 -3.0 3.2 4.0 1.8 
Average 65.0 50.2 5.7 6.5 24.4 26.7 -69.3 -56.8 16.1 15.9 -4.9 -6.5 -3.2   4.1   
Std Dev 12.1 12.0 3.3 3.0 6.1 6.1 15.4 15.2 15.4 15.3 13.0 15.0   3.2   1.9 
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B.3.2 Calculated BDEs for WP Bonds, PP Bonds, and Comparison of Optimized Geometries  
Table B.3.2: Calculated bond dissociation enthalpies for tungsten-phosphorus bonds, phosphorus-phosphorus bonds, and comparison of optimized geometries to average tungsten-phosphorus bond lengths found in the Cambridge 








Beaumier Phosphorus Complex Phosphorus Analog Beaumier Bond Lengths 
CCDB σ π 2nd π σ π 2nd π 





CEP 31G -37.5 -26.8 -93.2 -80.9 3.8 4.4 -28.0 -29.0 -52.2 -40.6 -27.7 -29.2 -36.0 -38.5 -2.1 1.9 2.1 1.9 
CEP 121G -31.1 -20.3 -88.6 -76.2 5.3 5.8 -29.1 -30.2 -47.4 -35.9 -27.3 -29.1 -36.3 -38.4 -2.1 1.8 2.1 1.8 
LANL2DZ -36.5 -25.6 -92.6 -80.3 2.2 2.8 -29.6 -33.2 -53.0 -41.4 -27.5 -29.4 -36.5 -38.6 -2.6 1.9 2.6 1.9 
SDDAll -36.0 -25.2 -92.0 -79.7 4.1 4.6 -28.2 -29.3 -51.3 -39.7 -26.4 -27.9 -35.5 -38.0 -1.8 1.8 1.9 1.7 
Average -35.3 -24.4 -91.6 -79.3 3.8 4.4 -28.7 -30.4 -51.0 -39.4 -27.3 -28.9 -36.1 -38.4 -2.2   2.2   





CEP 31G -36.0 -25.2 -92.3 -79.8 12.6 13.2 -23.9 -25.2 -48.3 -36.7 -23.4 -25.3 -32.5 -34.6 -2.0 1.9 2.0 1.9 
CEP 121G -34.6 -23.8 -92.3 -79.8 13.4 14.0 -24.5 -25.9 -48.4 -36.7 -23.3 -25.1 -32.9 -35.0 -2.1 1.8 2.1 1.8 
LANL2DZ -34.5 -23.8 -91.5 -78.9 11.2 11.6 -26.0 -27.4 -49.1 -37.4 -23.1 -25.0 -33.0 -35.1 -2.5 2.0 2.5 2.0 
SDDAll -34.5 -23.7 -91.1 -78.5 12.7 13.1 -24.3 -25.7 -47.4 -35.7 -22.1 -24.0 -32.2 -34.3 -1.8 1.9 1.8 1.7 
Average -34.9 -24.1 -91.8 -79.3 12.5 13.0 -24.7 -26.0 -48.3 -36.6 -23.0 -24.8 -32.6 -34.7 -2.1   2.1   




CEP 31G -39.5 -28.8 -104.0 -91.8 8.5 9.3 -19.4 -20.6 -62.8 -51.2 -31.0 -32.8 -17.6 -19.7 -2.2 2.0 2.2 1.9 
CEP 121G -38.1 -27.2 -103.2 -90.9 9.0 9.4 -19.2 -20.0 -62.8 -51.2 -30.1 -31.9 -16.5 -18.5 -2.2 1.9 2.2 1.9 
LANL2DZ -38.6 -27.8 -104.4 -92.1 7.1 7.9 -19.6 -20.5 -64.6 -52.9 -29.8 -31.8 -15.8 -17.9 -2.6 2.1 2.6 2.1 
SDDAll -38.0 -27.2 -103.2 -90.8 9.1 9.8 -20.5 -20.6 -62.5 -50.8 -29.3 -31.2 -19.3 -21.3 -1.9 2.0 2.2 1.7 
Average -38.5 -27.8 -103.7 -91.4 8.4 9.1 -19.7 -20.4 -63.2 -51.5 -30.0 -31.9 -17.3 -19.4 -2.2   2.3   




CEP 31G -32.5 -21.8 -88.4 -76.1 4.3 4.8 -28.6 -29.6 -47.5 -35.9 -27.4 -29.2 -36.1 -38.2 -1.2 1.7 1.5 1.4 
CEP 121G -31.1 -20.3 -88.6 -76.2 5.3 5.8 -29.1 -30.2 -47.4 -35.9 -27.3 -29.1 -36.3 -38.4 -1.2 1.7 1.5 1.5 
LANL2DZ -31.2 -20.4 -88.0 -75.6 3.4 3.9 -30.0 -33.6 -48.3 -36.7 -27.2 -29.0 -36.5 -38.6 -1.7 1.8 1.7 1.8 
SDDAll -31.1 -20.3 -87.4 -75.0 4.6 5.0 -29.0 -30.1 -46.6 -35.0 -26.2 -28.0 -35.7 -37.8 -0.9 1.7 1.5 1.1 
Average -31.5 -20.7 -88.1 -75.7 4.4 4.9 -29.2 -30.9 -47.4 -35.9 -27.0 -28.8 -36.1 -38.2 -1.3   1.5   






CEP 31G -39.3 -28.5 -94.4 -82.3 4.2 5.0 -25.9 -27.0 -53.8 -42.2 -25.9 -27.3 -32.5 -35.0 -2.3 1.8 2.3 1.8 
CEP 121G -37.9 -27.1 -94.3 -82.1 4.8 5.5 -27.8 -31.6 -53.8 -42.2 -25.8 -27.6 -32.8 -34.9 -2.3 1.8 2.3 1.8 
LANL2DZ -38.1 -27.4 -93.7 -81.5 2.6 3.2 -27.3 -31.0 -54.5 -42.9 -25.6 -21.3 -33.0 -41.4 -2.7 1.9 2.7 1.9 
SDDAll -37.6 -26.9 -93.2 -80.9 4.5 5.2 -26.2 -27.3 -52.8 -41.2 -24.6 -26.4 -32.0 -34.0 -2.0 1.8 2.0 1.8 
Average -38.2 -27.5 -93.9 -81.7 4.1 4.7 -26.8 -29.2 -53.7 -42.1 -25.5 -25.6 -32.6 -36.3 -2.3   2.3   
Std Dev 0.7 0.7 0.6 0.6 1.0 1.0 0.9 2.4 0.7 0.7 0.6 3.0 0.5 3.4   1.7   1.7 









Beaumier Phosphorus Complex Phosphorus Analog Beaumier Bond Lengths 
CCDB σ π 2nd π σ π 2nd π 





CEP 121G -34.8 -24.0 -93.8 -81.2 5.1 5.6 -28.0 -28.9 -52.7 -41.1 -28.6 -30.5 -37.9 -39.9 -2.1 1.6 2.1 1.6 
LANL2DZ -35.0 -24.2 -93.2 -80.6 2.7 3.1 -29.9 -31.1 -53.7 -42.0 -28.9 -30.8 -39.0 -41.1 -2.5 1.8 2.5 1.8 
SDDAll -34.7 -23.9 -92.7 -80.1 4.6 5.1 -35.7 -36.1 -51.7 -40.0 -49.8 -51.6 -38.6 -40.7 -1.8 1.6 1.8 1.6 
Average -35.2 -24.3 -95.9 -83.3 6.7 7.1 -30.3 -31.3 -57.8 -46.0 -29.0 -31.0 -38.4 -40.5 -2.1   2.1   




CEP 31G -33.5 -23.1 -97.9 -85.7 6.6 8.2 -30.9 -33.0 -57.2 -45.4 -41.1 -43.1 -43.7 -45.8 -2.2 1.5 2.2 1.5 
CEP 121G -32.4 -21.8 -96.0 -83.7 5.7 6.6 -7.6 -10.8 -56.6 -44.8 -40.3 -42.2 -44.5 -46.6 -2.2 1.5 2.2 1.5 
LANL2DZ -32.5 -22.0 -96.3 -84.3 4.4 5.8 -31.6 -33.6 -58.5 -46.7 -40.5 -42.6 -42.7 -44.8 -2.7 1.6 2.7 1.6 
SDDAll -31.7 -21.2 -95.8 -83.5 6.9 6.2 -31.7 -30.8 -56.0 -44.1 -39.9 -41.9 -44.1 -46.2 -2.0 1.5 2.0 1.5 
Average -32.5 -22.0 -96.5 -84.3 5.9 6.7 -25.4 -27.0 -57.1 -45.3 -40.5 -42.5 -43.8 -45.9 -2.2   2.2   





CEP 31G -41.1 -30.3 -102.4 -89.7 2.6 2.9 -25.7 -27.0 -69.0 -57.4 -40.9 -42.7 -41.8 -43.9 -2.0 2.2 2.1 2.0 
CEP 121G -39.6 -28.8 -101.0 -88.4 2.2 2.6 -26.3 -27.7 -68.6 -57.0 -40.5 -42.3 -42.4 -44.5 -2.0 2.2 2.1 2.0 
LANL2DZ -40.1 -29.4 -101.4 -88.8 -0.9 -0.5 -28.3 -29.8 -70.4 -58.7 -41.7 -43.6 -41.1 -43.2 -2.3 2.3 2.3 2.3 
SDDAll -38.9 -28.1 -100.1 -87.3 2.1 2.4 -26.7 -28.2 -68.1 -56.5 -40.0 -41.8 -40.5 -42.6 -1.7 2.1 1.9 1.9 
Average -39.9 -29.2 -101.2 -88.5 1.5 1.9 -26.8 -28.2 -69.0 -57.4 -40.8 -42.6 -41.5 -43.6 -2.0   2.1   




CEP 31G -38.6 -27.9 -100.6 -88.4 6.3 4.1 -27.5 -28.5 -58.6 -47.2 -28.6 -30.2 -31.5 -33.6 -2.9 1.7 2.9 1.7 
CEP 121G -37.2 -26.5 -100.8 -88.4 8.2 5.9 -28.3 -29.3 -58.2 -46.5 -28.5 -30.5 -32.0 -34.0 -2.9 1.7 2.9 1.7 
LANL2DZ -37.4 -26.7 -100.1 -88.0 6.4 3.9 -28.1 -28.9 -60.0 -48.5 -28.4 -30.2 -31.6 -33.7 -3.3 1.8 3.3 1.8 
SDDAll -37.1 -26.2 -100.1 -87.4 5.5 2.6 -27.9 -28.6 -58.0 -46.5 -27.8 -29.6 -32.0 -34.1 -2.5 1.7 2.5 1.7 
Average -37.6 -26.8 -100.4 -88.1 6.6 4.2 -27.9 -28.8 -58.7 -47.2 -28.3 -30.1 -31.8 -33.9 -2.9   2.9   







CEP 31G -35.3 -24.7 -97.0 -85.4 7.1 4.8 -26.8 -27.4 -58.4 -46.7 -27.4 -29.3 -30.5 -32.6 -2.4 1.5 2.4 1.5 
CEP 121G -34.4 -23.2 -96.5 -84.6 7.7 5.6 -27.3 -28.2 -58.6 -47.1 -27.1 -28.8 -30.6 -32.7 -2.5 1.6 2.5 1.6 
LANL2DZ -32.8 -22.0 -96.1 -83.4 6.8 3.8 -30.9 -31.9 -56.1 -44.5 -28.3 -30.1 -33.2 -35.3 -2.7 1.7 2.7 1.7 
SDDAll -32.6 -22.3 -94.9 -83.4 7.2 4.6 -27.7 -27.9 -56.6 -45.0 -26.3 -28.1 -30.8 -32.9 -2.1 1.4 2.1 1.4 
Average -33.8 -23.0 -96.1 -84.2 7.2 4.7 -28.2 -28.8 -57.4 -45.8 -27.2 -29.1 -31.3 -33.4 -2.4   2.4   





CEP 31G -39.8 -29.1 -119.0 -107.6 25.2 26.4 -24.5 -25.7 -48.1 -36.4 -20.9 -22.4 -30.2 -32.7 -1.3 2.4 2.0 1.6 
CEP 121G -38.6 -27.9 -119.6 -108.2 25.9 24.7 -25.6 -24.3 -48.5 -36.8 -21.4 -22.9 -31.2 -33.7 -1.4 2.4 2.0 1.7 
LANL2DZ -37.3 -26.6 -114.4 -102.9 22.5 21.2 -27.2 -26.0 -49.1 -37.4 -20.5 -22.1 -30.6 -33.1 -1.8 2.5 2.1 2.2 
SDDAll -37.8 -27.1 -118.4 -106.9 25.3 26.5 -25.5 -26.7 -47.3 -35.6 -19.8 -21.3 -30.1 -32.7 0.7 2.4 2.1 1.6 
Average -38.4 -27.7 -117.9 -106.4 24.7 24.7 -25.7 -25.7 -48.3 -36.5 -20.6 -22.2 -30.5 -33.1 -1.0   2.1   









Beaumier Phosphorus Complex Phosphorus Analog Beaumier Bond Lengths 
CCDB σ π 2nd π σ π 2nd π 




CEP 31G -50.5 -39.9 -205.1 -193.5 93.8 92.1 -31.8 -30.3 -47.3 -35.5 -15.2 -16.8 -22.3 -24.8 -1.1 3.4 2.8 1.6 
CEP 121G -49.7 -39.2 -206.7 -195.3 95.0 93.4 -33.6 -32.0 -48.4 -36.7 -16.9 -18.5 -24.1 -26.6 -1.5 3.4 2.9 1.9 
LANL2DZ -46.4 -35.8 -194.6 -183.3 87.0 85.5 -35.3 -33.6 -49.2 -37.3 -14.7 -16.3 -22.3 -24.9 -1.8 3.5 3.0 2.2 
SDDAll -47.8 -37.2 -206.9 -195.4 95.5 94.0 -34.3 -33.1 -46.7 -34.9 -14.3 -15.9 -22.5 -25.0 1.4 3.4 2.9 2.1 
Average -48.6 -38.0 -203.3 -191.9 92.8 91.3 -33.7 -32.3 -47.9 -36.1 -15.3 -16.9 -22.8 -25.4 -0.7   2.9   










CEP 31G -38.3 -27.6 -108.2 -96.0 15.8 15.8 -26.7 -27.7 -56.4 -44.7 -26.5 -28.3 -32.7 -35.0 -1.8 1.7 1.8 1.6 
CEP 121G -36.6 -25.8 -106.8 -94.6 15.6 15.4 -25.5 -26.6 -54.3 -42.7 -28.1 -29.9 -33.1 -35.3 -1.9 1.7 1.9 1.6 
LANL2DZ -36.7 -26.0 -105.5 -93.3 13.0 12.7 -28.6 -30.0 -55.5 -43.8 -28.0 -29.3 -33.0 -35.6 -2.3 1.8 2.3 1.7 
SDDAll -36.5 -25.8 -106.3 -94.1 15.2 14.9 -28.1 -28.7 -53.7 -42.1 -28.9 -30.6 -32.8 -35.0 -1.6 1.7 1.6 1.5 
Average -37.0 -26.3 -106.7 -94.5 14.9 14.7 -27.3 -28.3 -55.0 -43.3 -27.9 -29.5 -32.9 -35.2 -1.9   2.3   
Std Dev 4.5 4.5 30.4 30.7 24.5 24.1 4.6 4.4 7.1 7.1 8.2 8.3 7.2 7.2   1.7   1.6 
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B.3.3 Calculated BDEs for WS Bonds, SS Bonds, and Optimized Geometries 
Table B.3.3: Calculated bond dissociation enthalpies in kcal/mol for tungsten-sulfur bonds and sulfur-sulfur bonds by functional and 







S Cotton Complex - Trans H2S Sulfur Homologs 
Dative Bond σ π HSSH S2 





CEP 31G 1.3 11.9 -46.4 -46.4 -40.6 -40.6 -60.6 -51.6 -45.0 -47.3 
CEP 121G 1.5 12.1 -46.2 -34.1 -40.5 -41.8 -60.9 -51.9 -44.9 -47.2 
LANL2DZ -1.3 9.8 -46.7 -34.4 -41.6 -42.7 -60.8 -51.8 -44.7 -47.0 
SDDAll 1.0 11.5 -46.5 -34.3 -41.4 -42.2 -60.2 -51.2 -44.4 -46.7 
Average 0.6 11.3 -46.5 -37.3 -41.0 -41.8 -60.6 -51.6 -44.7 -47.0 





CEP 31G -2.1 5.9 -36.2 -24.1 -39.0 -42.2 -54.1 -45.1 -39.9 -42.2 
CEP 121G -1.8 6.2 -36.0 -23.6 -39.2 -42.9 -54.4 -45.4 -39.8 -42.1 
LANL2DZ 1.6 12.1 -35.3 -22.5 -35.3 -36.9 -54.2 -45.2 -39.7 -42.0 
SDDAll -1.5 6.0 -36.4 -24.0 -39.5 -43.8 -53.7 -44.7 -39.3 -41.6 
Average -1.0 7.5 -36.0 -23.6 -38.2 -41.5 -54.1 -45.1 -39.7 -42.0 




CEP 31G -2.9 7.4 -50.2 -38.2 -40.1 -41.8 -68.5 -44.7 -45.1 -47.4 
CEP 121G -2.8 7.7 -50.3 -38.5 -40.0 -41.2 -68.9 -59.9 -44.7 -47.0 
LANL2DZ -6.1 4.5 -50.7 -39.1 -40.7 -41.7 -69.7 -60.7 -43.4 -45.7 
SDDAll -3.7 6.4 -50.7 -38.8 -40.2 -41.9 -68.7 -59.7 -44.0 -46.3 
Average -3.9 6.5 -50.5 -38.7 -40.2 -41.6 -69.0 -56.3 -44.3 -46.6 
Std Dev 1.5 1.4 0.3 0.4 0.3 0.3 0.5 7.7 0.7 0.7 
B
LY
P CEP 31G -1.9 6.0 -40.3 -28.3 -46.7 -50.0 -54.9 -46.0 -43.9 -46.2 
CEP 121G -1.5 6.5 -39.9 -27.6 -46.9 -50.4 -55.2 -46.3 -43.8 -46.1 








S Cotton Complex - Trans H2S Sulfur Homologs 
Dative Bond σ π HSSH S2 
ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG 
SDDAll -1.1 6.5 -45.9 -37.0 -41.4 -41.8 -54.3 -45.4 -43.3 -45.6 
Average -0.4 8.0 -40.3 -28.3 -45.3 -48.0 -54.9 -45.9 -43.7 -46.0 





CEP 31G -5.8 3.7 -43.7 -31.9 -44.6 -47.2 -59.4 -50.4 -45.0 -47.3 
CEP 121G -5.4 4.0 -43.5 -31.7 -44.5 -72.5 -59.7 -50.8 -44.7 -47.0 
LANL2DZ -5.8 4.0 -43.8 -31.9 -44.1 -46.6 -60.1 -51.1 -45.1 -47.4 
SDDAll -4.9 4.5 -43.8 -32.2 -44.4 -47.0 -58.9 -50.0 -44.3 -46.6 
Average -5.4 4.0 -43.7 -31.9 -44.4 -53.4 -59.5 -50.6 -44.8 -47.1 





CEP 31G -1.1 9.7 -49.1 -36.9 -39.2 -40.4 -62.3 -53.3 -44.3 -46.6 
CEP 121G -0.9 9.9 -48.9 -36.7 -39.2 -40.4 -62.7 -53.7 -44.1 -46.5 
LANL2DZ -3.9 7.3 -49.5 -37.1 -40.4 -41.6 -62.4 -53.4 -43.9 -46.3 
SDDAll -1.2 9.5 -48.9 -36.7 -40.0 -41.5 -61.8 -52.8 -43.6 -45.9 
Average -1.8 9.1 -49.1 -36.9 -39.7 -41.0 -62.3 -53.3 -44.0 -46.3 




CEP 31G -5.1 3.1 -45.4 -34.6 -54.4 -56.4 -61.9 -52.8 -69.6 -71.9 
CEP 121G -4.6 4.5 -45.0 -33.0 -54.1 -56.4 -62.0 -52.9 -69.1 -71.5 
LANL2DZ -3.9 5.9 -43.4 -32.1 -50.8 -51.8 -61.2 -52.1 -68.9 -71.3 
SDDAll -5.1 4.0 -45.2 -33.0 -52.9 -55.3 -62.1 -53.0 -68.0 -70.4 
Average -4.7 4.4 -44.8 -33.2 -53.1 -54.9 -61.8 -52.7 -68.9 -71.3 





CEP 31G -5.1 5.4 -62.5 -49.2 -51.0 -53.2 -76.7 -67.7 -66.6 -68.9 
CEP 121G -5.0 5.7 -62.4 -49.5 -50.6 -52.7 -76.9 -68.0 -66.1 -68.4 
LANL2DZ -7.7 3.3 -62.3 -49.3 -53.5 -54.1 -77.5 -68.5 -68.1 -70.5 








S Cotton Complex - Trans H2S Sulfur Homologs 
Dative Bond σ π HSSH S2 
ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG 
Average -5.9 4.8 -62.3 -49.2 -51.4 -53.1 -76.9 -67.9 -66.6 -68.9 




CEP 31G -5.1 11.8 -49.8 -37.9 -43.1 -45.1 -66.1 -57.1 -45.2 -47.5 
CEP 121G 1.5 9.9 -49.6 -36.7 -43.1 -40.4 -66.4 -53.7 -45.0 -46.5 
LANL2DZ -2.0 8.9 -50.5 -38.6 -43.8 -45.4 -66.4 -57.4 -44.2 -46.5 
SDDAll 1.7 12.7 -49.5 -37.4 -44.2 -46.4 -65.3 -56.3 -44.9 -47.2 
Average -1.0 10.8 -49.9 -37.7 -43.6 -44.3 -66.1 -56.1 -44.8 -46.9 







CEP 31G -2.6 8.5 -55.4 -43.6 -42.1 -43.8 -66.7 -57.7 -44.1 -46.4 
CEP 121G -2.5 8.6 -55.0 -43.5 -42.0 -43.1 -67.0 -58.0 -43.9 -46.2 
LANL2DZ 0.5 10.9 -50.8 -39.2 -44.8 -45.9 -62.1 -53.2 -46.2 -48.5 
SDDAll -1.5 9.4 -53.7 -42.1 -43.0 -44.6 -65.5 -56.5 -43.8 -46.1 
Average -1.5 9.3 -53.7 -42.1 -43.0 -44.3 -65.3 -56.3 -44.5 -46.8 





CEP 31G -0.5 9.9 -43.8 -31.8 -37.5 -38.9 -52.9 -43.9 -36.8 -39.1 
CEP 121G -0.7 9.8 -44.5 -32.4 -37.9 -39.2 -53.8 -44.8 -37.1 -39.4 
LANL2DZ -2.3 8.6 -42.6 -30.2 -38.7 -39.0 -53.0 -44.0 -36.6 -39.0 
SDDAll -0.9 9.5 -44.7 -32.5 -39.2 -40.7 -52.9 -43.9 -36.3 -38.7 
Average -1.1 9.4 -43.9 -31.7 -38.3 -39.4 -53.2 -44.2 -36.7 -39.0 




CEP 31G -7.4 3.3 -63.5 -50.0 -40.9 -43.7 -52.0 -42.9 -30.7 -33.1 
CEP 121G -8.6 2.0 -42.3 -55.2 -42.3 -41.9 -54.0 -44.9 -31.5 -33.9 
LANL2DZ -9.5 1.0 -63.0 -49.2 -41.0 -43.8 -52.4 -43.3 -30.8 -33.1 
SDDAll -8.4 2.4 -65.6 -51.4 -44.3 -47.7 -52.6 -43.5 -30.5 -32.8 








S Cotton Complex - Trans H2S Sulfur Homologs 
Dative Bond σ π HSSH S2 
ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG 










CEP 31G -3.2 7.2 -48.8 -37.7 -43.3 -45.3 -61.3 -51.1 -46.4 -48.7 
CEP 121G -2.6 7.2 -47.0 -36.9 -43.4 -46.9 -61.8 -52.5 -46.2 -48.5 
LANL2DZ -3.1 7.5 -47.8 -35.3 -43.4 -44.9 -61.3 -52.2 -46.3 -48.6 
SDDAll -2.6 7.3 -49.4 -37.4 -43.4 -45.4 -61.0 -52.0 -45.7 -48.0 
Average -2.5 7.6 -47.7 -35.9 -44.0 -46.4 -63.0 -53.6 -48.6 -50.9 
Std Dev 0.3 0.1 1.1 1.1 0.1 0.9 0.3 0.6 0.3 0.3 
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B.4 Component Bond Enthalpies Figures 
B.4.1 W-3p Element Bond Component Enthalpies with Respect to the Pseudopotential Used 
 
Figure B.4.1-1: Average tungsten-silicon (columns) bond enthalpies by bond type and basis set. 
Average tungsten-carbon values (left-most solid column) are inset above the columns; the textured 
columns the average values for each valence basis set. 
 
 
Figure B.4.1-2: Average tungsten-phosphorus (columns) bond enthalpies by bond type and basis set. 
Average tungsten-carbon values (left-most solid column) are inset above the columns; the textured 
columns the average values for each valence basis set. 
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Figure B.4.1-3: Average tungsten-sulfur (columns) bond enthalpies by bond type and basis set. 
Average tungsten-carbon values (left-most solid column) are inset above the columns; the textured 
columns the average values for each valence basis set. 
 
 
Figure B.4.1-4: Calculated average DFT bond enthalpies for the trans effect in the tungsten-sulfur 
model, values inset in kcal/mol.  
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Figure B.4.2: Comparison of average DFT calculated BDEs for W-3p elements to CCSD(T) BDE 
calculations in kcal/mol with values inset. 
 
B.4.3 Alternate Visualizations of BDEs for Tungsten-Element Bonds and Their Components 
 
Figure B.4.3-1: Radar chart that illustrates how the 2nd π-bond enthalpies are clearly less than the 
1st π-bond enthalpies in all cases modeled and that all π-bonds regardless of bond order have lower 
BDEs than the σ-bonds. 
183 
 
Figure B.4.3-2: Side by side bar chart comparing all tungsten-element bond component enthalpies 
modeled, all inset values are in kcal/mol for their respective WE bond component. 
 
 
Figure B.4.3-3: Stacked bar chart illustrating how the component bond enthalpies stack together to 
form the double and triple bond enthalpies calculated. Values inset are the component enthalpies in 
kcal/mol.
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B.5 Perdew’s Jacob’s Ladder of Chemical Accuracy 







Carbon Nitrogen Oxygen 2p  
Avg 
Silicon Phosphorus Sulfur 3p  
Avg 
Overall 




CEP 31G 16.2 10.5 17.1 15.68 11.70 8.6 3.5 0.8 10.5 7.4 8.3 2.5 8.5 4.7 2.3 10.9 1.5 5.8 8.1 5.3 
CEP 121G 17.2 9.8 13.0 14.35 11.00 6.2 3.5 0.6 9.5 8.8 9.2 3.6 8.7 4.9 2.2 10.3 1.3 6.1 7.8 4.9 
LANL2DZ 11.7 3.8 5.6 3.90 1.43 1.0 11.8 11.5 6.4 3.1 12.6 14.5 7.0 3.9 1.4 10.5 1.6 6.8 6.6 4.7 




CEP 31G 10.2 0.9 11.9 15.7 11.7 8.6 4.9 6.9 8.9 2.7 4.4 9.9 0.6 1.8 2.1 1.7 5.1 3.5 6.2 4.6 
CEP 121G 11.1 5.1 7.7 4.8 4.5 2.0 4.9 7.0 5.9 3.5 3.8 8.9 0.5 1.7 2.3 1.1 5.4 3.4 4.6 2.9 
LANL2DZ 6.8 0.4 2.5 3.7 2.8 1.2 19.2 16.2 6.6 1.7 25.5 27.1 2.1 2.6 3.1 1.3 5.1 8.6 7.6 9.0 




CEP 31G 2.0 0.0 7.6 4.76 0.24 4.7 14.1 7.8 5.2 4.7 11.9 21.6 12.9 11.1 4.6 7.4 10.9 10.6 7.9 5.7 
CEP 121G 3.0 0.9 2.8 6.50 0.65 1.9 14.6 7.6 4.7 3.1 11.2 37.2 12.1 10.4 4.5 7.8 11.0 12.2 8.5 8.8 
LANL2DZ 2.1 15.7 1.6 8.04 5.78 14.7 14.5 2.7 8.1 27.2 11.8 93.3 15.6 12.6 5.7 7.9 10.2 23.0 15.6 21.7 





CEP 31G 7.5 3.9 9.9 3.88 3.39 4.0 7.7 8.6 6.1 0.2 10.5 14.1 3.6 1.5 1.2 1.2 6.2 4.8 5.5 4.0 
CEP 121G 8.3 10.5 5.7 3.04 3.22 2.0 7.8 8.8 6.2 1.0 9.8 13.1 3.6 1.3 1.1 1.7 6.4 4.8 5.5 3.9 
LANL2DZ 3.7 1.6 0.3 3.59 5.67 6.8 7.1 6.6 4.4 4.0 31.2 31.0 5.0 2.1 0.3 2.3 4.9 10.1 7.3 9.5 






 CEP 31G 1.9 1.0 7.6 7.92 3.28 4.3 22.3 16.7 8.1 9.7 10.6 20.2 12.4 9.2 2.4 8.2 10.4 10.4 9.3 6.3 
CEP 121G 0.4 1.9 3.6 9.60 3.94 2.3 21.9 16.9 7.6 8.3 11.0 21.0 12.9 9.1 2.4 8.7 10.5 10.5 9.0 6.6 
LANL2DZ 0.5 4.2 1.5 12.06 0.45 10.4 24.1 15.1 8.5 11.3 24.2 30.6 8.0 7.4 3.5 0.9 8.0 11.7 10.1 9.2 




CEP 31G 0.1 2.9 9.5 1.48 7.35 19.1 2.7 10.5 6.7 16.8 1.1 11.2 20.9 19.4 1.9 11.3 13.2 12.0 9.3 7.1 
CEP 121G 1.1 2.3 5.4 1.26 9.57 17.2 3.7 11.1 6.5 58.7 3.6 12.7 20.9 18.2 3.7 11.9 13.2 17.9 12.2 13.9 
LANL2DZ 3.3 0.9 3.8 2.62 5.06 9.1 1.1 4.1 3.7 51.2 27.7 28.5 24.4 20.3 2.9 13.2 12.7 22.6 13.2 14.0 




CEP 31G 3.2 0.1 14.6 11.48 9.87 10.4 24.9 8.1 10.3 4.2 0.3 22.5 10.2 25.2 25.1 0.5 31.0 14.9 12.6 10.2 
CEP 121G 4.5 0.2 1.3 4.74 8.05 13.5 24.9 4.4 7.7 82.3 1.6 21.9 9.0 23.3 24.5 0.7 30.6 24.2 16.0 20.4 
LANL2DZ 1.1 3.3 7.4 4.45 0.75 1.8 5.0 5.1 3.6 6.9 22.1 39.3 12.7 26.2 24.9 0.6 29.6 20.3 12.0 12.3 





CEP 31G 1.4 4.1 8.9 9.37 7.17 17.7 14.7 1.8 8.1 21.0 10.9 48.2 32.8 40.0 33.6 24.5 42.8 31.7 19.9 15.3 
CEP 121G 0.5 3.4 5.6 9.10 13.73 18.6 14.6 6.3 9.0 20.5 12.8 46.7 32.1 38.9 33.4 25.0 42.5 31.5 20.2 14.6 
LANL2DZ 0.7 0.0 3.1 0.44 4.25 5.6 2.9 11.0 3.5 27.2 11.8 78.6 35.5 42.8 34.9 25.8 45.0 37.7 20.6 22.3 
Sddall 1.4 5.5 1.9 10.52 19.75 22.6 24.4 1.2 10.9 25.5 8.7 60.5 31.2 37.7 30.9 24.3 41.6 32.6 21.7 16.6 








Carbon Nitrogen Oxygen 2p  
Avg 
Silicon Phosphorus Sulfur 3p  
Avg 
Overall 




P CEP 121G 13.5 10.3 11.3 13.49 14.14 9.7 14.4 8.2 11.9 3.4 5.7 8.7 6.9 8.8 8.0 11.7 6.1 7.4 9.6 3.3 
LANL2DZ 9.3 6.0 5.0 5.13 6.84 6.0 2.9 0.4 5.2 2.1 17.0 9.8 5.5 8.1 7.4 12.0 6.5 8.6 6.9 4.0 





CEP 31G 5.2 3.3 10.7 3.17 5.07 6.2 3.1 5.1 5.2 7.9 1.2 10.0 40.4 3.9 5.6 3.6 4.0 9.6 7.4 9.2 
CEP 121G 6.7 2.6 6.6 1.65 4.11 3.7 2.6 4.9 4.1 6.9 0.6 9.0 1.5 3.6 5.0 3.0 4.0 4.2 4.2 2.3 
LANL2DZ 7.8 1.9 5.3 7.11 4.13 1.1 22.0 17.8 8.4 12.6 22.5 27.4 3.4 5.2 7.1 1.4 6.0 10.7 9.5 8.4 





CEP 31G 7.9 4.7 12.2 13.09 14.54 12.7 15.0 9.9 11.2 2.8 0.9 2.9 7.3 12.1 12.6 14.0 10.6 7.9 9.6 4.6 
CEP 121G 8.3 3.3 7.1 10.90 12.75 9.4 13.3 8.5 9.2 44.7 47.5 1.8 6.5 11.0 10.9 12.6 9.5 18.1 13.6 13.1 
LANL2DZ 5.6 0.3 2.2 5.17 7.83 7.2 5.8 3.9 4.8 7.7 22.8 15.9 5.4 11.3 11.7 13.9 10.7 12.4 8.6 5.7 




CEP 31G 0.4 3.4 3.9       4.9 7.6 4.0 7.7 17.3 1.3 9.0 20.4 25.3 15.6 17.6 14.3 10.3 8.0 
CEP 121G 1.0 6.0 2.8     0.7 4.9 3.1 8.4 21.2 48.8 6.8 16.8 21.3 12.4 14.8 18.8 12.8 12.9 
LANL2DZ 0.9 7.0 5.4     0.2 4.8 3.7 14.0 40.9 22.9 5.3 18.7 24.1 14.9 17.1 19.7 13.6 11.5 
Sddall 0.5 7.5 5.0       4.3 6.5 4.8 9.2 23.1 7.3 10.0 22.3 26.5 14.6 17.3 16.3 11.9 8.2 
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Figure B.5-1: Box and whisker plot showing percent absolute error (y-axis) in DFT-predicted BDEs as a function of bond type for main 
group molecules with respect to G4 calculated BDEs. The arithmetic mean is indicated with an X, the median depicted with a horizontal 




Figure B.5-2: Box and whisker plot showing percent absolute error (y-axis) in DFT-predicted BDEs as a function of bond type for main 
organometallic molecules with respect to DLPNO-CCSD(T) calculated BDEs. The arithmetic mean is indicated with an X, the median 
depicted with a horizontal line, and the outliers are left as dots.  
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Figure B.5-3: Box and whisker plot showing percent absolute error (y-axis) in DFT-predicted BDEs as a function of bond type for main 
group molecules with respect to DLPNO-CCSD(T) calculated BDEs. The arithmetic mean is indicated with an X, the median depicted with 
a horizontal line, and the outliers are left as dots.  
189 
 
Figure B.5-4: Box and whisker plot showing percent absolute error (y-axis) in DFT-predicted BDEs as a function of bond type for main 
group molecules with respect to W1 calculated BDEs. The arithmetic mean is indicated with an X, the median depicted with a horizontal 




Figure B.5-5: Box and whisker plot showing percent absolute error (y-axis) in DFT-predicted BDEs as a function of bond type for main 
group molecules with respect to experimental data BDEs. The arithmetic mean is indicated with an X, the median depicted with a horizontal 
line, and the outliers are left as dots.
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Figure B.5-6: Side by side comparison of DFT/MP2 vs. DLPNO-CCSD(T) WE  BDE correlations 
with and without the most significant outliers. 
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Table B.5-2: The precent absolute errors found as each of the DFT functionals is compared to the 
BDEs calculated G4 for the 3p small molecule homologs, then the 2p and 3p small molecule homologs, 
then a comparison of the small molecule homolog BDEs to the CCSD(T) BDEs under the SM column, 
and finally the organometallic complex BDEs compared to the CCSD(T) BDEs presented as a Jacob's 
Ladder, a specific note is made of whether or not the dative moiety is coordinated to the 
organometallic model or not at the top. 
 Basis 
G4 CCSD(T) 
2p 3p overall 2/3p SM OM-3p 
OM-3p 
w/o dat 
Double hybrid - 
GGA B2PLYP 8.5 12.1 10.3 20.0 20.1 16.1 
w/dispersion B97D 8.5 12.1 10.3 16.3 18.1 13.2 
hybrid-GGA B3LYP 11.8 7.5 9.7 16.2 19.5 13.7 
meta-GGA 
M06 6.3 17.6 11.9 21.8 17.5 17.1 
M11L 8.3 18.8 13.5 24.1 16.9 12.3 
MN12L 7.9 33.4 20.6 37.7 30.4 26.4 
GGA 
BLYP 10.1 6.2 8.2 14.5 19.0 9.9 
BP86 6.2 4.8 5.5 12.8 23.5 12.9 
N12 5.7 14.4 10.0 18.1 26.1 16.5 
PBEPBE 4.7 6.4 5.6 12.2 16.5 11.1 
SOGGALL 7.3 10.7 9.0 14.4 20.2 16.5 




B.6 Further Explanation 
B.6.1 MP2 Homolytic Bond Dissociation Enthalpies (BDEs) 
B.6.1.1 Silicon 
There is a modest difference when the MP2 results are not included in the averages for the 
BDE values. The W≡Si, W=Si, W–Si bonds have calculated BDEs of 91.8 ± 5.9, 67.5 ± 5.7, and 
62.0 ± 7.3 kcal/mol, respectively, for just the DFT functionals. This difference in the averages 
yields WSi component bond enthalpies: 24.3 ± 6.3, 5.5 ± 3.4, and 62.0 ± 7.3 kcal/mol, respectively, 
for the 2nd π bond, 1st π bond, and σ-bonds. The small main group homologs: MeSi≡SiMe, 
Me2Si=SiMe2, and Me3Si–SiMe3, have a similar modest difference when only averaging DFT 
functionals: 58.4 ± 15.0, 52.4 ± 15.9, and 68.7 ± 15.9 kcal/mol, respectively. 
B.6.1.2 Phosphorous  
There is another issue with regard to the average values: the MP2 computed values for the 
σ-bond BDE ~100 kcal/mol higher than those from the DFT functionals. This result implies that 
the assumption of a dominant, single-determinant reference state for some of the W fragments is 
likely not met. When the mean BDEs are computed with the MP2 functional data the 2nd π, 1st π, 
and σ-bond component enthalpies computed are 27.3 ± 4.6, -14.9 ± 24.5, 106.7 ± 30.4 kcal/mol, 
respectively. This also means the triple, double and single bond enthalpies with the MP2 
computations are 119.1 ± 22.6, 91.8 ± 27.5 106.7 ± 30.4, and 37.1 ± 4.5 kcal/mol greatly increasing 
the standard deviations. 
The small molecule homologs have bond component enthalpies of 32.9 ± 7.2, 27.9 ± 8.2, 
55.0 ± 7.1 kcal/mol respectively for the 2nd π, 1st π, and σ-bonds. Once more, the 1st π-bond is 
considerably weaker than the 2nd π-bond, thus continuing the pattern observed with the silicon 
model and the work on the 2p element ligands for the model complex. There is also a similar 
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difference in the average BDEs when the MP2 values are removed from the dataset. The triple, 
double and single bond enthalpies for the small molecule main homologs without the MP2 
computations are 118.5 ± 7.1, 84.6 ± 7.3, 55.6 ± 7.1 kcal/mol. The standard deviations do not 
change as significantly for these congeners for the inorganic bonds in the tungsten model implying 
the error is more in the modeling of the tungsten fragment. 
B.6.1.3 Sulfur 
In comparison to the tungsten-sulfur models, the small molecule homologs triplet-S2 and 
HS=SH have BDEs of 107.5 ± 0.3 and 61.4 ± 0.3 kcal/mol, respectively for the sulfur-sulfur bonds. 
The bond component enthalpies are 46.1 ± 0.3 and 61.4 ± 0.3 for the π and σ-bonds in the main 
group sulfur compounds. Unlike the phosphorus and silicon cases, there is greater similarity in s 
and p BDEs for the sulfur models. 
As the octahedral geometry allowed for the opportunity to assess the impact of the trans 
effect of the sulfido moiety, a second coordination isomer of the W(≡S)(–SH)4(←SH2) model was 
modeled in which the sulfido bond is cis to the dihydrogensulfide. A small, but significant, 
difference in the homolytic BDE for the bond immediately trans to the sulfido bond (≡S) of ~7.0 
kcal/mol, with all other bonds less effected, was calculated.  
As with the previous models, the MP2 level of theory does bias the averages. Without the 
MP2 values, the BDEs calculated for W(≡S)(–SH)4(←SH2) are 90.8 ± 0.5, 47.3 ± 0.6, 2.4 ± 0.4 
kcal/mol, by decreasing bond order with the dative bond last. In comparison the small molecule 
homologs triplet-S2 and HS=SH have BDEs of 109.7 ± 0.3 and 62.1 ± 0.3 kcal/mol, respectively 
for the sulfur-sulfur bonds. The bond component enthalpies are thus 43.5 ± 0.1, 47.3 ± 0.6, and 2.4 
± 0.4, respectively for the π-, σ- and dative bonds in the tungsten complex and 47.5 ± 0.3 and 62.1 
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± 0.3 for the π and σ-bonds in the main group sulfur compounds. However, in this case the 
differences are minor compared to those observed with the other models. 
B.6.2 Comparison among Computational Methods 
B.6.2.1 Calculated Bond Lengths vs. Crystal Structure Data 
The WSi model complex has mean bond lengths of 2.57 ± 0.05 Å for the tungsten-silyl 
bond, 2.39 ± 0.01 Å for the tungsten-silylene bond, and 2.23 ± 0.02 Å for the tungsten-silyne bond. 
The average from the Cambridge database for these bond types are 2.55 ± 0.08 Å, 2.50 ± 0.09 Å, 
and 2.37 Å for the tungsten-silyl, -silylene, and -silyne bonds, respectively. The overall mean 
absolute error for tungsten-silicon bonds is 1.7 ± 1.1%. The paucity of structures with these bond 
types is such that there are only sixty-eight tungsten-silyl structures, eleven tungsten-silylene 
structures, and only a single unambiguous tungsten-silyne bond published by Fukuda et al.1 The 
discrepancy between the model and the crystal structure averages may be a small sample set effect 
due to the scarcity of crystal structures with unambiguous W=Si double bonding, or differences 
arising from the formal oxidation state of the metal.  
The mean DFT calculated bond lengths are 2.14 ± 0.02 Å, 2.27 ± 0.01 Å, 2.38 ± 0.02 Å, 
2.48 ± 0.03 Å for the tungsten-phosphido (≡P), -hydrophosphinidene (=PH), dihydrophosphide (–
PH2), and -phosphine (←PH3) respectively. There are four explicitly defined W≡P bonds1-4 with 
an average length of 2.15 ± 0.02 Å and four W=P bonds with 2.34 ± 0.13 Å in the CCDC.  For the 
W–P and the W←P bond motifs, there is a problem of definitions. There are 188 W–P single bonds 
where the phosphorus is clearly three-coordinate, but there are an additional 229 complexes where 
tungsten is ligated to a 3-coordinate phosphorus; there is no functional difference in the average 
bond length of these subsets: 2.49 ± 0.08 Å and 2.48 ± 0.09 Å, respectively. Tungsten-phosphine 
moieties are quite plentiful with 3335 entries that average 2.50 ± 0.06 Å. The mean absolute error 
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of 2.3 ± 1.6% in the calculated bond lengths from these structural data is respectable, but may be 
artificially inflated due to the small experimental sample sizes for multiply bonded moieties. 
However, there is reasonable agreement between theory and experiment for the measurements that 
do exist.  
The WS model complex has a mean absolute difference for the metal-sulfur bond lengths 
of 1.5 ± 0.8% relative to experimental structural data, excluding the dative moiety (5.1 ± 9.5% 
with). In the CCDB, terminal W=S bonds average 2.16 ± 0.03 Å for 351 entries whereas tungsten-
sulfur single bonds average 2.38 ± 0.11 Å for 1500 entries. The bond lengths for tungsten-thiol 
(W←SR2) moieties average 2.42 ± 0.11 Å across 1012 entries. The sheer number of entries with 
W=S/W≡S motifs speaks to their inherent stability vis-à-vis the WP and WSi congeners, and is 
reflected by the computed p-bond strength. The computed DFT average bond lengths found are 
2.15 ± 0.02 Å, 2.42 ± 0.02 Å, and 3.48 ± 1.06 Å for W=S/W≡S, W–S, and W←S respectively.  
B.6.2.2 Oddities in the Computational Data 
In the WSi model calculations, the degree of variability is a concern. Certain basis set and 
functional combinations yield numbers that are well out of line with the rest of the data. These are 
often extreme outliers. For the tungsten-silylene π-bond BDE, the LANL2DZ basis set does not 
yield numbers in line with the other three basis sets in nine out of the twelve functional 
combinations, the exceptions being SOGGALL, B2PLYP, and MP2. For example, the 
N12/LANL2DZ(d), tungsten-silylene π-bond BDE is 0.9 kcal/mol whereas the 
PBEPBE/LANL2DZ(d) tungsten-silylene π-bond BDE is 11.6 kcal/mol both beyond the standard 
deviation of 3.3 kcal/mol for the mean value of 5.7 kcal/mol. Furthermore, for the organometallic 
fragments less the single bond, viz W(=SiMe2)(≡SiMe)(dmpe), the MN12L functional optimized 
to a lower minima for the quartet rather than the doublet spin state for each ECP modeled, with 
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the exception of SDDALL; this was also the case with the N12/LANL2DZ(d) combination. The 
B2PLYP /SDDALL(d), M11L/CEP-121G(d), and M11L/CEP-31G(d) levels of theory found the 
triplet spin state to be the more stable minima for Si2Me2. 
In the WP model, as noted above, the MP2 wavefunction – with any of the valence basis 
set/pseudopotential combinations – yields predicted BDEs so far out of line with the DFT data that 
it was removed from the averages as an outlier. To wit, the σ bond enthalpies found with the MP2 
method are 203.3 ± 5.9 kcal/mol for the different valence basis set/pseudopotential combinations. 
This value is more than 100 kcal/mol higher than those predicted via the DFT functionals, and 96 
kcal/mol adrift of the DLPNO-CCSD(T)/def2-QZVPP value. The underlying assumptions 
required for the perturbation theory to be effective are obviously invalid for the fragments derived 
from W–P homolysis, possibly due to weaker metal-3p ligand bonding and the potential for low 
energy states in these fragments. It is worth noting that analysis of the DLPNO-CCSD(T) 
amplitudes did not indicate any higher than 0.08. The large discrepancies seen in MP2 predictions 
are consistent with the observations of Pople and coworkers in terms of small molecule 
thermochemistry, which motivated their initial research efforts into composite Gaussian-n 
methods.1  
In the WS model complexes, the homolytic cleavage of the W–S single bond from the 
tungsten frequently resulted in the H2S ligand dissociating from the organometallic fragment as 
well. Likewise, for the W←S bond about three quarters of the models coordinate a dative bond 
and the other quarter do not. For such simulations, the bond between the tungsten and the 
dihydrogensulfide was manually enforced through the ModRedundant command in Gaussian. In 
view of the small calculated W←SH2 BDE of 2.7 ± 3.0 kcal/mol (DLPNO-CCSD(T)/def2-QZVPP, 
3.1 kcal/mol), this is not expected to have a major impact on the other tungsten-sulfur BDEs. Also, 
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there is a small valence basis set dependence for the WS BDEs where SDDALL gives lower values 
for the tungsten-sulfide (~7 kcal/mol) and higher values for tungsten-thiolate bonds (~2 kcal/mol). 
B.6.2.3 Accuracy vs. Higher-level Theory and Experiment for BDEs of Main Group Homologs 
With respect to the G4 level of theory for the main group 3p homologs, the best performing 
valence basis set/functional combination is BP86/CEP-121G(d) whereas for the overall set of 2p 
and 3p homologs it is BP86/SDDALL(d). This is different from the PBEPBE/SDDALL(d) as the 
best performer for the 2p homologs. The Minnesota functionals and the MP2 methods perform 
particularly poorly and caution is advised for their use in BDE calculations. 
It is reasonable to conclude that the increased error in the 3p BDE models convolutes with 
the error in modeling the 5d metal-3p element BDEs thereby increasing the total error of tungsten-
3p element models. Data also imply that the overall variance in the DFT-predicted bond enthalpies 
are more due to limitations in modeling of tungsten-containing rather than the 3p-containing 
fragment. A full reporting of the values calculated for E–E, E=E, and E≡E bond with the reported 
error with respect to experiment and ab initio calculations is given in the Supporting Information 
spreadsheets.  
B.6.3 Comparison of W-3p Ligands with W-2p Ligands 
Overall, the computed bond enthalpies for WE-3p bonds show an expected decrease in 
strength relative to their WE-2p congeners. The net sum of all bond components in the WSi is ~41 
kcal/mol less than these components in the corresponding WC model; the WP model is ~37 kcal 
lower than the net sum of all bonds for the WN model. Interestingly, the chalcogen models have 
computed BDE sums that are roughly equivalent: WS model ~ 92 kcal double bond to the single 
bonds in the WO model (~91 for WO), which is consistent with tungsten’s oxophilicity.2 With the 
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exception of the WC vs. WSi σ-bonds and WN vs. WP σ-bonds, each of the bond components is 
observed to be weaker in the W-3p congener.  
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C.1 Commentary on d1 and d2 Models 
This trend continues with the d1 models with a caveat. Each of the triply bonded moieties 
have decreased bond enthalpies by between 26.3 and 78.8 kcal/mol. Experimental d1 tungsten 
complexes are uncommon. It is more probable that a tungsten complex would involve a redox non-
innocent ligand to donate an electron to a d0 metal center to generate a temporary d1 state. This 
unusual d1 tungsten case is where the classical π-loading is seen. When both the CH22-, NH2-, or 
O2- moieties are bonded to the d1 tungsten in any combination only the bond enthalpy consistently 
decreases as seen in Figure C.1-1.  
 
Figure C.1-1: Calculated bond dissociation enthalpies in kcal/mol for d1 tungsten (V) complexes. 
Columns are clustered enthalpies for one moiety, the rows are which moiety the enthalpy listed in the 
column is in respect to. Note, the ‘Me Only’ in the purple checkerboard is the BDE of the mono-
ligated species for that moiety. 
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The d2 models show the continued trend (Fig. C.1-2). It seems that the additional electron 
density afforded by the higher d-count for the metal is key to lowering the bond dissociation 
enthalpy of the π-bonds. This is unlikely to exist in an experimental set up under common 
conditions and is only mentioned for completeness of the analysis and as a potential lead for future 
work. 
 
Figure C.1-2: Calculated bond dissociation enthalpies in kcal/mol for d2 tungsten (IV) complexes. 
Columns are clustered enthalpies for one moiety, the rows are which moiety the enthalpy listed in the 
column is in respect to. Note, the ‘Me Only’ in the purple checkerboard is the BDE of the mono-
ligated species for that moiety. 
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C.2 Commentary on the Distortion Energy 
Next, there is the concept of distortion energy, also called snap or strain energy.3.4 Snap 
energy is the energy difference between the single point instantaneous of bond cleavage and the 
relaxation of the two fragments into their optimized geometries which provides some insight into 
the molecular orbital strain found with multiple bonds.5 The energy input needed to ‘strain’ the 
bond at the start of the reaction decreases the overall energy needed to reach the transition state 
(ΔEint = ΔE⧧ − ΣΔEstrain). There is potential for this deformation energy to be the cause of the π-
loading observations. These calculations are modeled at the DLPNO-CCSD(T)/def2-
QZVPP//PBEPBE/SDDALL(d) level of theory. 
This deformation energy consists of two parts for a single bond, the σ-bond enthalpy and 
the enthalpic difference from the changes in the geometry of the fragments. The higher bond orders 
are not quite so tidy. There is not necessarily as marked a change in the geometry between the 
single points at the instant of cleavage and the optimization relaxed fragments for the double and 
triple bonds. The difference between the relaxed and snap π-bond enthalpies are equal to the sum 
of individual differences between the relaxed and snapped single and double bonds in this model, 
by definition. This provides a means of attributing the energy in excess of what is needed to form 
a single bond to the π-bond enthalpies that is logically consistent. 
There are significant differences in the deformation enthalpies for the tungsten-element 
models and the element-element models. Consider the tungsten-carbon and carbon-carbon models 
(Fig. C.2-1): the methyl groups have an sp3 tetrahedral geometry prior to the cleavage, but after 
the geometry shifts to an sp2 trigonal planar position. This large change explains why the difference 
in the deformation enthalpy would be larger for the carbon-carbon model than for the tungsten-
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carbon model. The tungsten-carbon fragment in the model does not relax as dramatically as the 
methyl group does.  
The formation of the first π-bond sees a significant jump in the deformation enthalpy for 
all WE models (Figs. C.2-1, C.2-2, & C.2-3). The deformation enthalpy for the first π-bonds are 
20.6 and 18.0 kcal/mol for W=C and W=N, respectively. This is greater than the 15.0 and 1.5 
kcal/mol deformation enthalpies for the respective W—C and W—N σ-bonds.  
Once the first π-bond is in place the second π-bond only takes slightly more snap energy 
to form. For the WC model, the deformation enthalpy needed for from the second π-bond is only 
2.1 kcal/mol higher. The WN model has second π-bond forming with only 3.7 kcal/mol greater 
deformation enthalpy. This is consistent with the changes in the geometry of the fragments being 
proportionally smaller than the difference between the σ-bond and the first π-bond.  
This is further supported by the element-element congeners for the organometallic bonds. 
The snap enthalpy for the main group homologs decreases with the increase in hybridization. There 
are simply too few degrees of freedom from too few atoms in the higher bond order small molecule 
fragments to significantly affect the snap enthalpies. 
The deformation enthalpies in the WO model (Fig. C.2-3) are almost entirely from the 
tungsten containing fragments. In this WO model, considerable reorganization occurs when the 
fragments of tungsten complex relax into their optimal geometry which results in considerably 
higher snap enthalpies. The deformation enthalpy for the formation of a W—O σ-bond is 16.7 
kcal/mol. The tungsten oxo bond was previously found to be a triple bond, not a double bond. This 
means that the individual π-bond enthalpies regardless of whether deformed or relaxed are not 
accessible in this model. The combined first and second π-bond deformation enthalpies for the 
formation of the oxo moiety are 15.8 kcal/mol. 
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Figure C.2-1: Deformation energies for the homolytic cleavage of the bonds for both WC (left) and 
CC (right) models. The table inset gives homolytic bond cleavage enthalpies in kcal/mol. The 
'Snapped' enthalpies are calculated from the single points with the geometries frozen prior to the 
bond cleavage. The ‘Relaxed’ enthalpies are calculated from the optimized geometries that the 
fragments relax into after the homolytic cleavage is complete, (C-fragments on right). The 
‘difference’ column gives how much higher the snap enthalpies are than the relaxed enthalpies. 
 
 
Figure C.2-2: Deformation energies for the homolytic cleavage of the bonds for both WN (left) and 
NN (not shown) models. The table inset gives homolytic bond cleavage enthalpies in kcal/mol. The 
'Snapped' enthalpies are calculated from the single points with the geometries frozen prior to the 
bond cleavage (WN fragments on right). The ‘Relaxed’ enthalpies are calculated from the optimized 
geometries that the fragments relax into after the homolytic cleavage is complete. The ‘difference’ 
column gives how much higher the snap enthalpies are than the relaxed enthalpies. 
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Figure C.2-3: Deformation energies for the homolytic cleavage of the bonds for both WO (left) and 
OO models (not shown). The table inset gives homolytic bond cleavage enthalpies in kcal/mol. The 
'Snapped' enthalpies are calculated from the single points with the geometries frozen prior to the 
bond cleavage (WO fragments on right). The ‘Relaxed’ enthalpies are calculated from the optimized 
geometries that the fragments relax into after the homolytic cleavage is complete. The ‘difference’ 




”MOMMALIES” AND OTHER QUOTES FROM THE OFFICE DOOR
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1. The world is beautiful and all the more fascinating for its study.  
2. Science is the iterative study of being less wrong.  
3. Math is the arbiter of whether or not something is logically sound, not of whether or not it is 
actually true.  
4. Science is about learning is beautiful and terrible truths.  
5. One must love the truth to be a scientist.  
6. The truth will set one free, but that does not mean it will not hurt.  
7. Science: do not take someone’s word that something is true, test it and know. 
8. A scientist is a grown child who never left the why phase and better for it.  
9. “If an elderly but distinguished scientist says that something is possible, he is almost 
certainly right; but if he says that it is impossible, he is very probably wrong.” —Arthur C. 
Clarke 
10. “Science never solves a problem without creating ten more.” —George Bernard Shaw 
11. “The saddest aspect of life right now is that science gathers knowledge faster than society 
gathers wisdom.” —Isaac Asimov 
12. “There is a single light of science, and to brighten it anywhere is to brighten it everywhere.” 
—Isaac Asimov 
13. “Science does not know its debt to imagination.” —Ralph Waldo Emerson 
14. “Touch a scientist and you touch a child.” —Ray Bradbury 
15. “No amount of experimentation can ever prove me right; a single experiment can prove me 
wrong.” —Albert Einstein 
16. “Science without religion is lame, religion without science is blind.” —Albert Einstein 
17. “Somewhere, something incredible is waiting to be known.” —Carl Sagan 
18. “Science is a way of thinking much more than it is a body of knowledge.” —Carl Sagan 
19. “By denying scientific principles, one may maintain any paradox.” —Galileo Galilei 
20. “Geologists have a saying—rocks remember.” —Neil Armstrong 
21. “Nothing in life is to be feared, it is only to be understood. Now is the time to understand 
more, so that we may fear less.” —Marie Curie 
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22. “A new scientific truth does not triumph by convincing its opponents and making them see 
the light, but rather because its opponents eventually die and a new generation grows up that 
is familiar with it.” —Max Planck 
23. “Anybody who has been seriously engaged in scientific work of any kind realizes that over 
the entrance to the gates of the temple of science are written the words: ‘Ye must have faith’” 
—Max Planck 
24. “Scientists have become the bearers of the torch of discovery in our quest for knowledge.” —
Stephen Hawking 
25. “The reward of the young scientist is the emotional thrill of being the first person in the 
history of the world to see something or to understand something. Nothing can compare with 
that experience.” – Cecilia Payne-Gaposchkin 
26. “Everything is theoretically impossible, until it is done.” – Robert A. Heinlein. 
27. "If I have seen further it is by standing on the shoulders of Giants." – Issac Newton 
28. “What you learn from a life in science is the vastness of our ignorance.” – David Eagleman 
29. “Impossible only means that you haven’t found the solution yet.” – Anonymous 
30. “Every brilliant experiment, like every great work of art, starts with an act of imagination.” – 
Jonah Lehrer 
31. “The good thing about science is that it's true whether or not you believe in it.” – Neil 
deGrasse Tyson 
32. “Science and everyday life cannot and should not be separated.” – Rosalind Franklin 
33. “Above all, don't fear difficult moments. The best comes from them.” – Rita Levi-Montalcini 
34. “Research is to see what everybody else has seen, and to think what nobody else has 
thought.” – Albert Szent-Györgyi 
35. “If you want to have good ideas, you must have many ideas.” – Linus Pauling 
36. “Science knows no country, because knowledge belongs to humanity, and is the torch which 
illuminates the world.” – Louis Pasteur 
37. “Science means constantly walking a tightrope between blind faith and curiosity; between 
expertise and creativity; between bias and openness; between experience and epiphany; 
between ambition and passion; and between arrogance and conviction – in short, between 
and old today and a new tomorrow.” — Henrich Rohrer 
38. “I am among those who think that science has great beauty.” – Marie Curie 
39. “Research is what I'm doing when I don't know what I'm doing.” – Wernher von Braun 
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40. “Equipped with his five senses, man explores the universe around him and calls the 
adventure Science.” – Edwin Powell Hubble 
41. “What is research but a blind date with knowledge?” – Will Harvey 
42. “Science, my lad, is made up of mistakes, but they are mistakes which it is useful to make, 
because they lead little by little to the truth.” –  Jules Verne 
43. “Science is wonderfully equipped to answer the question 'How?' but it gets terribly confused 
when you ask the question 'Why?'” —Erwin Chargaff  
44. “We don't regard any scientific theory as the absolute truth.” —Kenneth R. Miller 
45. “The most exciting phrase to hear in science, the one that heralds new discoveries, is not 
'Eureka!' but 'That's funny...'” — Isaac Asimov 
46. “Science is simply common sense at its best, that is, rigidly accurate in observation, and 
merciless to fallacy in logic.” — Thomas Huxley  
47. “Nothing has such power to broaden the mind as the ability to investigate systematically and 
truly all that comes under thy observation in life.” — Marcus Aurelius  
48. “Men love to wonder, and that is the seed of science.” — Ralph Waldo Emerson  
49. “Your theory is crazy, but it's not crazy enough to be true.” — Niels Bohr 
50. “Each problem that I solved became a rule, which served afterwards to solve other 
problems.” — Rene Descartes 
51. “Facts are not science - as the dictionary is not literature.” — Martin H. Fischer 
52. “Science is a beautiful gift to humanity; we should not distort it.” — A. P. J. Abdul Kalam 
53. “Good, better, best. Never let it rest. 'Til your good is better and your better is best.” — St. 
Jerome 
54. “Only I can change my life. No one can do it for me.” — Carol Burnett 
55. “If you fell down yesterday, stand up today.” — H. G. Wells  
56. “Ever tried. Ever failed. No matter. Try Again. Fail again. Fail better.” — Samuel Beckett  
57. “You simply have to put one foot in front of the other and keep going. Put blinders on and 
plow right ahead.” — George Lucas  
58. “Small deeds done are better than great deeds planned.” — Peter Marshall 
59. “I am not afraid... I was born to do this.” — Joan of Arc  
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60. “Act as if what you do makes a difference. It does.” — William James 
61. “Step by step and the thing is done.” — Charles Atlas 
62. “Your talent is God's gift to you. What you do with it is your gift back to God.” — Leo 
Buscaglia 
63. “If you're going through hell, keep going.” — Winston Churchill 
64. “Be kind whenever possible. It is always possible.” — Dalai Lama 
65. “It always seems impossible until it's done.” — Nelson Mandela 
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